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NOTICE
UNITED STATES PATENT OFFICE SECRECY ORDER

A patent application has been filed in the U.5, Patent Office by North .
American Aviation, Inc, based upon subject matter included herein or :
related hereto, and the Secrecy Order appended hereto hasbeen issued

thereon pursuant to Title 35, United States Code (1952)Sections 181-188, -

Further cissemination of said subject matter is prohibited: except in

strict compliance with said order. The recipient of this document is

requested to notify all persons who will haveaccess tothis material of

the Secrecy Order. Penalties for violation of a Secrecy Order include

a fine of up to $10, 000 or imprisonment for not more than two years,

or both, .

DEPARTMENT OF COMMERCE
United States Patent Office
Washington

SECRECY ORDER

NOTICE: To the applicantabove named, his heirs, and any and all
his assignees, attorneys and agents, hereinafter designated principals:

You are hereby notified that your applicationas above identified has
been found to contain subject matter, the unauthorized disclosure o which
might be detrimental tothe public safety or defense, andyouare ordered
in nowlise to publishor disclose the invention or any material information
with respect thereto, including hitherto unpublished details of the subject
matter of saidapplication, in any wayto any person not cognizant of the
invention prior to the date of the order, including any employee of the
principals, but to keep the same secret except by written permission first
obtained of the Commissioner of Patents, under the penalties of 35 U.S. C.
(1952) 182, 1886,

Any other application which contains any significant part of the subject
matter of the above identified application falls within the scope of this

order, If such other applicationdoes not standunder a secrecy order,

it and the common subject matter should be brcught to the attention of the
Patent Security Division, Patent Office.

If prior to the issuance of the secrecy order any significant part of the
subject matter has been revealed to any person, the principals shall
promptly inform suchperson of the secrecy order and the penalties for
improper disclosure.

This order should not be construed in any way to mean that the Govern-
ment has adopted or contemplates adoptionof the alleged invention dis-
closed in this application; nor is it any indication of the value of such
invention,

DEPARTMENT OF COMMERCE
United States Patent Office
Washington

PERMIT A

An order of secrecy having been issued in the above-entitled applica~
tion by the Commissioner of Patents, the princ ipals as designatedin said
order areauthorized todisclose the subject matter to any person of the
classes hereinafter specified if such person is knowntothe principal dis-
closing to be concerned directly in an official capacity withthe subject
matter, providing thatall reasonable safeguardsare taken to otherwise
protect the invention from unauthorized disclosure. The specified
classes are:--

(a) Anyofficer or employee of any department, independent agency

or bureau of the Government of the United States.

(b) Any person designated specifically by the head of any depart-

ment, independent agency or bureau of the Goverpment of the
United States, or by his duly authorized subordinate, as a
proper individual to receive the disclosure of the above indi-
cated application.

The principals under the secrecy order are further authorizedtodis-
close the subject matter of this application to the minimum necessary
number of persons of known loyalty and discretion, employed by or work-
ing with the principals or their licensees and whose duties involve co-
operation in the development, manufacture or use of the subject matter
by or for the Government of the United States, provided such peraons
are advised of the issuance of the secrecy order.

The provisions of this permit do notinany way lessen responsibility
for the security of the subject matter as imposed by any Government
contract of the provisions of the existing laws relating to espionage and
national security,

First Assistant Commissioner
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FOREWORD |

" This repért was prepared in compliance with the requirements fof'the

National Aeronautics and Space Administratién Contract, NAS 9-1729,
"High Performance Apollo Propulsion System Study". The NASA technical .
monitors have been Mr. W. F. Eichelman and Mr. R. Brock at the NASA
Manned Space Flight Center, and Mr. R. Rollins at the NASA Head- '
quarters., : ' - ' -

ABSTRACT

(Unqlassified Abstract)

The fesults'of the National Aeronautics and Space Administration

"Contract, NAS 9-1729, "High Performance Apollo Propulsion System

Study" are presented in this report, Rocketdyne Report R5446.

The report is composed of four volumes, This volume contains the
analyses and results of the Propellant Survey Task. An extensive
listing of propellant candidates for high performance Apollo propul-
sion systems was surveyed. The propellant combinations were numeri-
cally rated according to their relative merit in an Apollo application,

. Based on this rating, four candidate propellant combinations, for

which propulsion systems could be operational by 1970, and six candi-
date combinations, for an operational date of 1975, were selected

for further analysis in the next phase of the study, These analyses
are contained in Volumes III and IV of this report, : '
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INTRODUCTION =

Resulfs of the.Propellant Survey Task of NASA Contract, NAS 9-1729,:-
"ﬁigh Performance Apollo Propulsion System Study" are presented in
this report. The purpose of this contract was to evaluate the use of

: high—energy propellants and advanced propulsion-system concepts to

increase the landed-payload capability of the Apollo vehicle.. The
program was divided into two phases, In Phase I of .this program,
propellants and propulsion systems that will be operational by 1970
were considered, while in Phase II, systems were considered for a

- 1975 operational date. o

Each phase of the program was composed of five tasks: I, Propellant
Survey--review of propellants and candidate propellant selection,

II. Propellant Selection--analysis of propulsion systems using the
candidate propellants, III. System Design--vehicle and propulsion
System design for a selected propellant combination, IV. Reliability -
Analysis--reliability analysis of the propulsion system design,

V. Development Requirements~-description of the development require- .
ments necessary to realize the operational systems, o

The purpose of the Propellant Survey Task was to establish the poten-
tial propellant candidates for the advanced Apollo propulsion systems,
The 1970 (Phase I) and 1975 (Phase II) Propellant Survey results are
both presented in this report. Four candidates were selected which
could be developed into operational systems by 1970 and six candidates
were selected for 1970 operational systems. In the survey the perfor-
mance, physical characteristics, and availability of a large number of"
propellants were considered, and in a general manner, their effect on
the propulsion system design and operation was indicated.

With the cognizance of the NASA, certain ground rules were established
for the propellant survey (Table 1). Only propellants presently in
existence were considered for both the 1970 and 1975 phases. There is
considerable speculation about possible propellants which have not been
synthesized; however, these propellants are hypothetical and would be
impossible to analyze. In addition the propellants included in the
survey must prévide an increase in the landed payload. Therefore,
propellant combinations which have a specific impulse and bulk density
lower than the present combination, N204/50 percent NoH4-50 percent
UDMH (N 04/50-50), were immediately rejected. Propellants which have
combina%ions of specific impulse and bulk density which result in

less landed payload than the N2O4/50—50 combination were also rejected.

~SONHDRNINE
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To ensure that the 1970 systems will be operational by that date, a
minimum design-change approach was adopted for these systems. The -
actual propulsion system changed as new propellants were used, but
the basic Service Module and LEM vehicle structures were maintained.
As a consequence of this minimum vehicle-change approach, only liquid
propellants were considered for the 1970 operational'datee

" The systems to be operatlonal in 1975 have no design restrictions.

Only the life support capsules and the booster vehicle were maintained
as currently designed. The lack of design restriction resulted from -
the long development period available. Solid, hybrid, slurry, and
powder-type propellants were considered., o .

The propellant survey'was approached with a complete, comprehensive

‘listing of propellants based upon their chemical family. Included

in the listing were bipropellant liquids, liquid mixtures, hybrids,
metallic additives, and solids. A flow chart of the propellant sur-
vey is presented in Fig. 1. The position and effect of some of the
ground rules can be seen. Bdsed on the listing of propellants, a
screening was made to eliminate the hypothetical propellants and to
select for further study the propellants representing the best per-
formance and physical properties from each chemical family, Scrutiny
of the specific impulse and bulk density of the various combinations-
served to eliminate those with poor performance, while propellant .
combinations which provide a payload increase over the N204/50-50
combination were retained.

 The remaining propellant combinations were then separated into the:

1970 and 1975 categories based upon the physical state in which they
are used, Liquid propellants were considered in both the 1970 and
1975 phases; while gels, slurrys, solids, hybrids and powdered pro-
pellants were considered only in 1975. In the 1970 evaluation, the
propellant volume was screened and liquid propellant combinations with

- volumes significantly larger than the present propellant volume were

assigned to the 1975 phase.

A numerical rating system was developed for further evaluation and
comparison of the propellant combinations. In the rating systenm,
performance (landed-payload increase), reliability, system operation,
development ease, and launch-operation ease were the main rating areas.
In each area,the factors involved were determined. Analytical-rating
expressions were developed for each factor and the propellant candidates
were compared to provide a relative rating. Each of the factors and

the main rating areas were then welghted to provide the overall numerical
rating.

~CONPIDENTIT
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Using evaluation factors that were developed, the propeliant combinations
were rated numerically 'in both the 1970 and 1975 categcries, This numerical-

.comparison approach to the propellant survey has three outstanding features

(1) The propellant listing ensures & comprehensive consideration of pro-
pellants in which no significant propellant will be neglected, (2) The evalua-
tion and comparison of the propellant is systematic which facilitates a
rational comparison, and (3) The importance of each factor resulting in a
given numerical *atlng can be immediately determined and the factor isolated

for- review. . .
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SUMMARI
Propellant combinations were surveyed for appllcatlon in a high-
performance Apollo vehicle which will provide an increasse ‘in landed
payload over the present system. Thepropellant combinations were
numerically rated according to their merit in this application. Four
candidate propellant combinations were selected which could be oper-
ational by 1970 and six candldates were selected for a 1975 operational
dateo .

The results of the propellant sufvey indicates that there are a number
of high-performance propellant combinations that are well suited for

“use in the Apollo vehicle. Based upon the numerical rating, use of

these propellant combinations will result in a considerable increase
in the landed payload, and the propellants have the characteristics
whlch permit thelr application to the Apollo propu151on system.

The overall numerical ratings for the 1970 propellant combinations

are predominately oxidizer oriented. All of the high ranking combin-
ations use fluorine-type oxidizers. The higher ratings are achieved

by the F», FLOX (90 percent F2, 1C percent 02), NoFg, and OF, oxidizers
in that order. In these overall ratings, F2/N2H4 ranks the highest

and the F2 oxidizer combinations in general occupy the highest rank1ng
positions. All of the top-ranking combinations have one cryogenic
propellant. The top-ranking combination that is noncryogenie is

Comp A/NQH4. (The hydrogen-fueled propellant combinations were excluded
from the 1970 listings because of their low density and mlnlmum design-
change restriction).

To enable the Task II investigation to provide a distinctive propellant
comparison with a broad scope of propulsion system configurations,
candidate propellant combinations having different characteristics were
selected. This selection will ensure that should undesirable features
of a given propellant (oxidizer or fuel) be uncovered, all of the
candidates will not be affected and the analyses can proceed without
interruption., Four high ranking oxidizers were chosen: Fp, FLOX

(9c percent Fo, 1C percent. 02) OFo, and Comp A, The Comp A oxidizer
was included as the highest ranking noncryogenic "earth storable"
oxidizer. Fuels which give the best rankings with each of these
oxidizers were then selected. The selections are given in Table 2 .

Multiple fuels are indicated for the Fo and OF2.
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These fuels are all high ranking and provide some flexibility in tho_
thrust chamber cooling analyses, '

TABLE 2

1970 PROPELLANT COMBINATION CANDIDATES -
Fo/NoH, 5 NH,
OF,/B,Hg; MMH; CHy
FLOX (90)/MMH

Comp A/NZH4

In the selection of propellant combination candidates for the 1975
operational dates, there were two objectives. First, the 1975
propellant combination candidates must provide a payload capability
comparable to the 1970 candidate propellants. Second, it was desired
that representatives of the various propellant physical states be
included regardless of their position in the overall ranking. With
these objectives in mind, the 1975 propellant combinations were rated
in a manner similar to the 1970 ratings. The ratings are somewhat
less oxidizer-oriented because of some of the high performance fuels
available for 1975 although fluorine-type oxidizers still predominate.
The use of hydrogen, which was not considered in the 1970 evaluation
because of its. low density, and the use of some of the metallic additives

shift the overall propellant combination ratings from being predominantly
oxidizer oriented.

In making selections for the 1975 candidates, only the liquids, hybrids,
and solid additive propellants were considered. Although the solid
propellants listed could be of interest, there is the area of solid pro-

pellant start and cutoff technology that must be developed before they
can be considered.

The 1975 selected propellant combinations are shown in Table 3. Six
propellant combination candidates were selected: three bipropellant

combinations, two metallic additive combinations and one hybrid combin-
ation,

8
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. PABIE 3

‘1975 PROPELLANT COMBINATION CANDIDATES

Selected 1970 bipﬁopellanf '

- Fo/H,
28581083
Fz/ Be H> .

orz/c

02/ Hz + Be .
Fo/MME + BeHy

These candidates include two of the high-rated liquid bipropellant
combinations and the best combination from 1970. The high-performance
1970 éombinations also rate very high for 1975. The selected 1970
combination is included with the 1975 systems, since advanced propul-
sion concepts will be considered for these systems. Also included

in the selection are the highest-rated hybrid and two of the highest~
rated metallic-additive propellant combinations. . ' :
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~ looking a candidate fuel or oxidizer,

Sy T T T T e

PROPELLANT LISTING

~ PROPELLANT SPECTRUM

The liquid propellant survey was initiated with a listing of‘the complete
liquid propellant spectrum in a logical sequence. From this spectrum of

fuels and oxidizers, candidate propellants werc selected,  This complete

listing was accomplished by classifying all chemical compounds, that
might represent potential propellants, with respect to their most repre-

sentative chemical species or families. The resulting chemical families -

are. shown in Table 4 , This approach ensured the devel opment of a
comprehensive listing which virtually eliminated the possibility of over-

Each chemical family has been listed as either a fuel or oxidizer, although
it was recognized that in some potential systems a particular compound
might qualify as the opposite from which it is listed. 1In general, the
fuels were classified in families representing the amine and CN groups,
hydrazines, hydrocarbons, metallics, hydrogen, and mixtures; while the
oxidizer groups were listed as either halogens, oxygens, nitrogen oxides,
oxygen fluorides, nitrogen fluorides, NOF groups, or as mixtures. The
listing of propellants is given in Appendix A. :

No attempt was made to separate or distinguish between earth-ambient,
normal liquids or gases, cryogenic, semicryogenic, and noncryogenic
(semistorable liquids) in this preliminary listing. Although this propel- -
lant spectrum primarily represented liquids (melting point below
earth-ambient), solids which have potential applications were also listed.
Mauy such svlids cau uve utilized in mixtures, slurries, or in dense-phase:
(solids fluidization) applications. However, only in the metallic fuels
family and in the actual solid propellant components were distinctions

made between solids or liquids. : ~ '

Because two separate operational periods, 1970 and 1975, are presented.
and many compounds that are unknown or relatively undeveloped at the
present could become operational as propellants in the intervening time
period, each chemical family was divided into three classifications,
hypothetical, laboratory characterization, and engineering characteriza-
tion, which denoted the development stage of the chemical as a propellant,
Those compounds, which have been hypothesized as potential propellants,
but have not been synthesized, separated, or formulated, or are incompatible
in mixtures, are classed as hypothetical. These compounds represent the
present and planned future, analytical and experimental efforts of the
propellant chemists. As discussed previously, these compounds were listed
as a matter of interest and were not considered further. Those compounds
which have recently been synthesized, but have not been extensively

11
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characterized with respect to their potential as a propellant are placed
in the laboratory-characterization stage. The final classification,

which represents the compounds that have been taken from the laboratory
and have been through, or are undergoing, characterization as a propellant,

.is shown as the engineering characterizatidn‘stage._.The solid propellant

constituents are similarly classified.

Although it has been shown, or is fairly obvious to the propellant

engineer, that some of the compounds and elements represented herein
could not meet the performance goals of this program, these chemicals
were listed nevertheless to provide a complete listing of potential
propellants. There are undoubtably other members of the various families
omitted from the listing. A listing including all chemicals would prove
to be highly unwieldy and would not enhance the result of the program.

. The selection to this propellant listing was made from consideration
-of the element or compound as a propellant. :

PRELIMINARY LIQUID PROPELLANT SELECTIONS

To maintain the entire program within the level of the effort and .
schedule assigned, it was necessary to reduce this complete liquid
propellant listing to a comparatively few propellants for the complete
evaluation of their applicability to the advanced Apollo system,
Therefore, a preliminary selection of propellants from each chemical
family was made. This preliminary selection was made from a review

of the propellants in each family considering the availability, and
potential performance and operational features. In this selection, the
first restriction was the rejection of the hypothetical propellants.
From the remain;ng propellants, the most attractive members from each
Tamily were selecica vased on the theoretical nerfarmance and the range
of physical properties. The selections were guided in part by previous
analyses of many of the propellants which identified the physical and
performance features that are the most suitable for the present

-application.

Where applicable, at least one member of each family was selected.
Although it was desirable to illustrate a range of physical properties
within each particular family with the selection of a few members of
that family, this was not feasible in some situations. Performance
deficiencies (below that of the present Apollo system) limited physical
ranges, undesirable physico-chemical characteristics, etc., minimized
the selections in certain families.
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GOHEDENT

In 2ddition, this listing was reviewed to ensure that propellsnts which ere
of current interest were included. Specific sttention wes, also, directed
tc the inclusion of vrovellant combinations which represent 21l of the
veriocus ohysical. stetes, e.g., hybrids, solids, slurrys, and liquids.

T2
1975, The zssignment of esch cf the propellants to cne cf these two
time pericds was made on the hasis of the probacility cf the.necessery

12 eelections were made with resvect te the tuc time periods, 1970 and

vtechuology teing availstle for the use of the propellant at that tire,

This assignment was hased only upon the vronellant technology and in

certsin situstions.conflicted with the propulsion-system strdy (i.e.,

The adeptation of the propellant system availatle for the 1970 period

to the Apollo propulsion involved such a radical charge in the configuration
that the system will not be applicable until 1975) which determined

the f’nal selection, -

The vericus fuel erd oxicizer fomilies, and the selected propellants: from
these femilies are discnszed in the following pages.

Fuel Femilies

Amine and CIl Family. The amine and ON feidily consists cf a large number of
well-characterized corpounds with a wide range of physical properties.
lowever, very few of these compotnds are attractive ss propellants from a
performance stazndpoint. For the most vert, this family has been considered
only in mixtures with other comnounds to Zmorove or tailor the physical
properties of a rore attractive performance species. 1Tith the exception

of ammonia (NHB) which wes selected from this family, no member of this
family met the”performance goal of the program.

Yrirazine Family., The hydrazine family hzs undesrgone extersive characterizetion
end evalusticn as storable vropellants in the past from this family,
hydrazine, (Nof4). 'insymmetrical dimethyl hydrazine. (UDMH), monomethyl-

Ahydrazine,(MMH), (CH3N2H3) were selected. The selections represent the

most suvitsble characteristics (for the considered aspplication) fourd in

this family of provellents. Essentially these three fuels echieve the

level of parformance of the present Apollo fuel and were selacted for
comparative purposes. Howsver, these fuels do possess improved perfermances

~with certain oxidizers and metallic additives and sppear to be more

attractive from this, ac well as the physical standpoint, than the present
Apollo fuel,
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Hydrocarbon Family. The hydrocarbon famlly consists of 'a large number

of compounds with a variety of engineering properties, which are fairly
well cheracterized and comparatively inexpernsive snd available., Selected
oxidizers dominste the potential perfornance levels of these compounds. -
rethene (VHh), ethane (Czﬂ ), and RP-1 wcre selected from this fuel .
femily. These candidates achieve performarce consistent with the family
and embody liquidus ranges from the earth-ambient semicryogenics +to the
noncryogenics (storables). Tre compounds in this family reoresent an
eree in which & final selection of a compound from-this family depended

on 2 desired range of eng*reerlng Ozopertlec rather than a wide difference.
in the D°r¢orwance level.

Metallics Famlly. The compounds consisting of the various metallics and

. their hydrides are combined in one group to form the metallics family.
This group of compounds was divided into arcas of one and two-component

liquids and solids in addition to the development status subdivision.

It was within this area that the greatest potential gains from fuels

were recognized. Therc was a variety of both liguid and solid metallics,

and metallic hydrides “that indicated significant gains with selected

oxidizers. Some of these compounds were available for the 1970 time

period, but the majority of this family of chemicals was placed in the

1975 time period. Many of the elenents and compounds selec¢ted from

this group were sclids 2daptable for liquid systems by means of soluble

mixtures, slurries,dense phase fluidization, etc. For the most part, such
rplications were discussed under mixtures. I

Divorzsne (B,H, ) and pentaborane (BqH~) were selected to represent the one

‘component. metallic liquids available” for the use in the 1970 period and

to provide two different liquidus renges. lytasline A_, one of a series

of amine adducts of aluminum borohydride undergoing present character"zatlon
studles, was selected to represent two-component metallic Dropellant
available by 1970.

.Several solid end solld-mpta711g propellants were selected: Al, A1H_,
Ze, BeH,, Li, Li¥, and (CHo)x . The metallics can be used in a striét
b1prone¢1ant applicetion ( 2 hyorld) or as en additive to a liquid
tipropellznt combination. Of these metallics, the Beh2 is probably

of grestest interest in that it provides large increasés in performance.
Because of the lack of application technology associated with these
propellents, they were all placed in the 1975 development period.
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Miscellaneous. Hvdvogen, Hp, was placed in a category of mlscellaneous
Fuels because it did not belong in any of the other categories, and was
a lozical selection for study. .

Fuel Vixtures. A category of mixtures was uued t0 represent miscible
13534 mixtures of the same families snd different families ss well as
enlutle mixtires, slurries, and other similer applications of solid

fiels with liquid fuels. Such mixtures represent a large segment of
pact, present, end future fuel systems. WMany of these are systems
desigred to provide tailcred engineering pronserties, such as the 50-50
hydrazine-u Psvmmetrlcal dimethlhydrazine, Hydrazoid P and dydyne mixtures
selectzd to reoresent presently-zvailable mixtures that appear most
svited to the present anp 11cat10n.

50 - 50 - ‘ %0 percent NpH) - 50 percent UDMH

Hydrazeid P . 5 mole Wz )y " N mole M'H - 1 mole HulOb

Hydyne 60 percent UDVH - 40 percent DETA
. (diethylenetrienine).

Oxidizer Families

Halccen and Interhalogen Family. From the haloven and interhalogen
oxidiger femily fluorine (F ), chlorine trifluvoride (ClF ), chlorine
pentzfluoride (Cl¥g) and bromﬂﬁe pentaflucride (BrFg) wede selectéd.
The first two oxidizers ere well-krown dencse licuids w1th widely-
senzrated liquidus renges and performance levels. Cl¥_ is a recently-
syntnesized family memler, which possesses an ettrectige performance
level and vhysical state thet lies betweesn those of F, and ClF,. The
P”Fq is a familiar, low-performance propellant. All of these 3ssigned
to “the 1970 period. :

Oxyeen, Peroxide, end Tricxide Femily. Oxygen (0 2) and hydrcgen peroxide

TioC2) were selected from this fanily. Oxyzen, a cryogenic member of the

femily, has dericnstrated good performsnce with a wide variety of fuels.

The noncryogenic compound, Hy0,, demonstrates nominal performance levels

with 21l fuels except the majority of the metallics, with which it shows

very “igh performance potential. Vater {H,0) was selected as a special
representative because it possesses a high performance potential with a ‘

16




RROCKETIDYNE

A DIVISION OF NORTH AMERICAN AVIATION. INC

CORFOENMAT

particular frel, BeH » and represents an easily handled oxidizer syéten.
However, because of “the sta*us of the fuel this oxidizer has been assigned
to the 1975 period.

Mitrogen Oxides end Mitro Family. The nitrogen oxide and nitro family were
\.sed to designate those groups wiocse chemical stete were characterized by

a nitrogen-oxygen species. The potentisl performance level of this entire
group-of compounds is represented by nitrogen tetroxide (N 0,). This
oxidizer is the besic earth-ambient storable oxidizer in ore ent use and

- was selected for comparative purposes. Some nitric scid ({“ﬂ ) mixtures

were considered under the cxadi»er nixtures.

Oyvgen Fluoride Family. The oxygen fluoride family, which is constituted
by a number of comooupds oredoninately affected by the presence of an OF
grcup, ccnsists of a number of highly reactive compounds with sttractive
performence levels. The preserce of toth cxygen and fluerine lends an

_almost universal anplication with sll types of fuels, From this farily

oxyzen difluoride (OF,) was selected. Although OF, zppears to represent
the maximum performance level achievable by a member of this family,
other recently synthes zed members may offer more atiractive engineer1n5
rroperties. .

Vitrogen Fluoride Family. The nitrogen fluorides sre a- comparatively new

fauily of compounds characterized by a NF species. The most suitable
propellants from this family are tetraflhoroqydrazlne (N, F “h) end nitrogen
trifivoride (NF.)e :CA SyNUIESis Siivi v liaw Loon :t;l::d in theo oreon Aven
the past few yedrs withoub sppreciable success. Efforts to duplicate
nerfornance levels near thosz of this family's selections w3th NF
compounds ©f more desirable enginesring properties were centered in the
erea of CNF compounds. Several hundred such compounds hzve been
synthesized most of which are highly sensitive, unstable, and/or possess
low performance levels. HJowever, the use of these compounds in mixtures
may permit utilization of their more attractive properties. Such
rmixtures are included in the cxidizer mixiure selections.

UYV‘on-Nltro -en Fluoride Family. The oxygen nitrogen fluoride family .is
2 small ~am11y of compounds, which are essentially a specialized group of
nitrogen fluorides. Although very few of these compounds have been -
synthesiged, this family appears to have more potential usefulness than
the CNF compounds with respect toless sensitivity and higher performance.

17
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From this family, trifluorocamine oxide (NOF3) and nitryl fluoride .
(NFOZ) were selected. A few other members that have been synthesized
are being considered for use in mixtures. - B

Oxidizer Mixtures. As in the case of the fuels, several oxidizer . . *
mixtures were considered. The requirements for specified performance
levels and certain physical characteristics have been met in many
situations by the tailoring of a basic oxidizer with the addition of
compounds reflecting the desired set of characteristics. eost of these
mixtures have undergone sufficient development to be considered for
1970 application.  The oxygen-fluorine (FLOX) and mixed oxides of
nitrogen (¥ON) mixtures are selections embodying two vastly different

~ areas of performance and engineering properties. . The MON mixture
represents a tailoring of the present Apollo oxidizer to obtain a
lower liquidus range, while the O, - F, mixture represents the tailor-
ing of an oxygen system to improve performance and density without - '
changing desirable engineering properties. The C1lFz - C103F selection
represents a high-density, earth-ambient noncryogenic oxidizer, which-
was considered for use with selected metallic hydrides (addition of "
oxygen through the introduction of ClOzF increased the performance of
the basic C1F3 system). Thesslection of MOXIE-1 and MOXIE-2a represents
the recently-considered mixtures of NF compounds which were formulated
to reduce sensitivities and increase storability while maintaining a
desirable performance level.

The two mixtures, maximum density fuming nitric acid (MDFNA) and in~
hibited red fuming nitric acid (IRFNA).were selected as candidates
since they have the characteristics of fairly high density propellants.
These are primarily mixtures of HNO3 and N20O4. ' ’

FLOX(N) N percent F, - (100-N) percent 0,
MON 75 percent N0, ~ 25 percent NO
MOXIE-1 | NF, = C1F5 - C10,F (no percentage

conpositions assigned)

MOXIE-2A 42 percent N F, - 42 percent CNsF -
15 percent C§03F : :
MDFNA 56 percent HNO3 - 44 percent N204
IRFNA » © . B5 percent HNO3 - 15 percent NO2 |
18
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SOLID PROPELLANT COMPONENT SELECTION .

The solid-propellant constituents listed in Appendix A were surveyed and
attractive propellants selected, Selections were made to include all of .
the important propellant classes envisioned at the present time, 1In
general, the fuels selected were the metallics and metallic hydrids.
Oxidizers were representative of various oxidizer families, _

There are some omissions, in particular the BN and Be3N2 systems. The .
substantial R&D effort on the solid BN systems has almost been atandoned
completely because the realizable solid systems had low density, relatively
‘low theoretical impulse (usually < 290), poor physical properties and -

- . probably poor combustion efficiencies, with certain exceptions such as -

hydrazine bisborane monopropellant, Similarly oxidizers such as lithium
perchlorate or hydrazine perchlorate provide incremental gains in density
or impulse, but these gains are not in general large enough to offset
other problems of compatibility or sensitivity which they introduce.

SELECTED PROPELLANTS

The resulting list of propellants is presented in Table 5. This list
presents the most suitable candidate propellants (fuels and oxidizers)

from each chemical family. In the listing, it should be noted that the
N-Hs4 listed as an oxidizer is considered to be in this category only when
used with BgHg., The lower portion of the fuel listing contains a series -
of so0lid propellants which are used with various oxidizers as a hybrid
system, Many of these same solids are listed as additives to be used

with a liquid, bipropellant combination. The solid-propellant combinations

and individual propellants were couside.cd Snly £2r +he 1078 nerind.
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PROPELLANT PHYSICAL PROPERTIES

To provide a background for comparing the various propellants, physical
property data were assembled. These data are presented in Tables 6.
to 9 .~ The following information is listed.

1. Propellant Density

2. Normal Boiling Point

3. Normal Freezing Point

4, Vapor Pressure vs Temperature
5. Liquid Specific Heat Capacity
6. Molecular Weight

In some cases, little propellant data existed and it was necessary to
make estimates. This situation accurred primarily in the area of
specific heat capacity and vapor pressure. Estimates of heat capacity
were made using Kopp's rule and corrected by comparison to data for a
similar propellant. For some mixtures, a weighted average of the
individual propellants was used. Vapor pressure data were, in some
cases, extrapolated from a few data points to other temperatures. The
specific heat capacity is listed at either the normal boiling point

or at 70 degrees F depending upon which is the lower temperature value.

21




Oxidizer
A

BrF5
Cl103F
ClF3
FLOX (30-70)
FLOX (90-10)
FNO
F2
HNO;3
Hp0, (98-percent)
IRFNA
MDFNA
MON (85-15)
MON (75-25)
MOXIE 24
NP3
NO
N2F4
N20y

Normal Normal
Boiling Freezing
Point Point
F F
6.8 =153.4
104.5 80.5
=52.3 =231.0
53.15 =105.38
-301 =362
-81 ~218
-307 =363
181 =43
299.2 7.5
150,0 =57
86 =35
45 -45
21.5 -76
=94
-199.2 =343.3
=241 =257
=994 =264
70,1 11.8
-228,64 -370.84
-125
~297.6 ~361.8
=170 =316
148 -56

Specific
Gravity

at
1.899
2,482
1.710
1,85
1,232
1.46
1.57
1.509
1.52
1.432
1.57
1,528
1.40
1.381
1.64
1.538

1,27
1,66
1.447
1.53

1.9
1.14

1.33
1,55

Temp. F

NBP

68

NBP
NBP

~300

=150
NBP

N.B.P.
N.B.P.

68

TABLE ¢

LIQUID QXIDIZER PHYSICA

Specific
Heat Capacity
Pressure

BIU/LB F Temp. F psia

0.31 N.B.P, 2,31

0.21 68 0.075

0.227 N.B.P,

0.305 N.B.P, 17.2

0.378 N.B.P, 8.5 .

o415 N.B.P,

0.366 N.B.P, 0.035 -

o423 68 2.3

0.635 N.B.P. 0.04

0.41 68

04429 68

0.382 N.B,P.

0.391 N.B.P.

0.422 N.B.P.

04244 N.B.P.

0.46 N.B.P.

0.51 N.B.P.

0.36 N.B.P. 2.9

0.281 N.B.P. 0.06 -

0,402 N.B,P.

0.406 N.B.P. 743 -

0.357 N.B.P. 1 -

0.419 68 1 A
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[. PROPERTIES
Vapor Pressure
Temp. Pressure Temp. Pressure Temp. Pressure Temp. Pressure Temp.
F psia F psia F psia F psia F
~65.2 50 58 63.9 68 268 158
=70 6.3 68 50 183
12 60 50 2 56 10 156 68
60 39.7 100 50 112 80.6 140
310 26,5 =290 50 ~274 66.5 =270 140 «~250
50
50 =35
363 0.1 -356 50 =280
100 10 160 50 2,8
™ 10 280 50 370 100 412
17.3 160 50 225
10 70 50 150 100 195
50 105
30 40 50 67 93 100 288 160
50 ~42
10 =220 50 =173 100 =156
50 205
50 -47
12 13.92 68 50 121 100 155
12.7 13.39 =234 4 50 -197
50 =75
10 10 =300 50 =273 615 =190
25 10 ~180 50 =133 100 =110
10 130 50 220 100 265

22

Molecular
Weight

130.5
174.9
102.5
92.5
33.8
37.2
65.0
38.0
63.0
34.0
6l.4
73.2
82,7
76.5
139.1
71.0

30.0

104.0
92.0

54.0
87.0
32.0

48.0

59.7




FORM R 18-G-18

T.
LIQUID FUEL PH

Normal Normal
Boiling Freezing Specifie

Point, Point, Gravity Spegig :z i}t{;at W
Fuel F F at Temp BTU/LBF Temp
F F
BoHg <135 -265 0.450 N.B.P, 0.66 N.B.P,
BsHg 140 -53 0,627 68 0.57 77 3
CHy, =259 +297 0.440 N.B.P. 0.8 N.B.P. 3.6
C2H5CH 173 -17,, 0.785 68 0.58 6 1.0
C2H6 =127 =278 0.546 0.60 N.B.P.
C3HyNO3 231 =150 1.52 68 0,42 68 1.0
C1oHog 344 -110 0.805 68 047 68 1.0
Hp =423 =435 0.07M1 N.B.P. 2,23 N.B.,P. 1,02
HYBALINE A5 505 058 0.736 68 0.62 68 0.06
HYDRAZOID -P 243 =150 1.095 7 0.6 N.B.P, 0.48
JPX 211 -71 0,764 68 0.59 68 1.00
(MAF-4) ~HYDYNE 148 ~120 0.859 68 0.65 75 2.64
MMH 188 62 0.8765 68 0,70 N.B.P. 1.0
NHj -28 -108 0.68 N.B,P. 1.07 N.B.P,
NoH,, 236 35 1,008 68 0.74 68 0.20
N2H,,(50-50) UDMH 158 19 0.8986 77 0.69 77 2.0
RP-1 422 =55 0.806 68 0445 68 0.3
UDMHA 146 -7 0.784 M 0.65 68 1.89
CoH5B1gH13 500 -65 .82 77 0.50 68 0.1
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WBLE 7
SICAL PROPERTIES

Vapor Pressure ]
Temp Pressure Temp Pressure Temp Pressure Temp Pressure Temp Molecular

| F psia F psia F psia F psia F Weight
|
! 9 150 50 90 59 -8 529 60 27.7
68 10 18 50 210 100 260 63.2
285 32 240 50 =225 | 16.0
|73 10 155 50 235 100 280 46.1
| 50 18 544 70 30,1
100 10 205 50 315 100 375 105.1
1190 10 320 50 450 100 520 140.3
435 15 -423 50  -4l4 100 =407 2.0
77 50 134.3
67 0.9 103 50 A
9% 6 160 50 286 100 342 89.3
68 18 160 50 219 72.1
7 10 160 50 245 100 310 4641
10 -0 50 22 60 30 29 70 17.0
68 10 215 50 310 100 360 32,0
68 15 160 50 235 41.8
160 10 395 50 530 100 605 172.0
60 10 120 50 222 100 260 60.1
68 14 500
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Al

LA

F3Y @51

(o3 se

"~ /83 Phase

Y Phase

LiH -
Lid H4

LiBH,
Li 1\6
Mg

Mg H2

Table 9

METALLIC FUEL OR ADDITIVE PRORERTIES

Bery1lium

- Beryllium Hydride
. Aluninum- . '
Aluminum Hydride, alone

Lithium :
Lithium Hydride

~.Lithiun Aluminum Hydride

Boron )
Lithium Borohydride
Lithium Nitrate
Magsnesiun

‘Magnesium Hydride

25

Spec¢ific

Gravity

L85
2.70

1, 49

‘V103
0.534
0.820
0.917
205 -
0.66
2.38-2.40

- 1.74

1.4540.08

Tempgrgtg;e_

:‘831.:31 3880 '3 8
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| PROPELLANT PERFORMANCE SCREENING

One of the ground rules 6f the study was that. only pfopallaht combina-
tions prov1d1ng an increase in landed payload over the present

. N204/SO—50 combination would be considered. .The propellant performance

screening was conducted to determine which propellant combinations
resulted in a payload capability less than the N 04/50-50 system. ~
These combinations providing less payload were then eliminated as

'candldates.

Specific impulse calculations were made for various combinations of the
propellants listed in Table 10. Specific impulse was determined for
optimum expansion from 1000 psia to 14.7 psia, using the assumpticn of
chemical equilibrium. Values of specific impulse are presented at the
weight mixture ratio (ox1dlzer/fuel) which provides maximum specific
1mpulse. .

The essential performance data of the various liquid propellant combinations
are listed in Table 10, These data were used throughout the propellant
survey. In this table, the propellants are organized in alphabetical
order by oxidizers and then by fuels. A number of other items charac-
terizing the propellant combination are also listed in Table 10.

Reading from left to right in the table, the following properties are
listed: (1) Combustion temperature (degrees K), (2) oxidizer, (3)
additive to oxidizer, (4) fuel, (5) additive to fuel, (6) specific

impulse \seconds), \() ox1alzer/1ue1 welght mixture ratic (v,;),

(8) bulk specific gravity, (9) performance assumption, and (10) overall
propellant weight fractions. The performance-assumption column indicates
instances where the performance calculation deviates from the usual
calculations. Where there is no indication, the performance was cal-
culated as related in the preceeding paragraph, using the latest heat-
of-formation data. An "O" in this column indicates that only performance -
data based on an outdated heat of formation were available, while an "E"
identifies .an estimated specific-impulse value. The estimates were

based upon calculations from similar propellant combinations and should

be accurate to approximately 1-2 seconds of specific impulse. These
situations were infrequent and did not occur for any of the major
combinations, Some .combinations with solid additives to the fuel show
"zero" percent relative weight for either the fuel or the additive. This
indicates that the highest performance is achieved by the liquid bi-propel-
lant or by the hybrid combination.

27
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—CONRBENHAL |

TABLE 10a.

PROPELLANT COMBINATION PERFORMANCE CHARACTERISTICS

Temp Oxidizer . Fuel. .. . _ 15 MR S.G. Rel. wta,
:L BRES BSH9 286 11.45 1.99  92-00-08-00
T ' ETA —— 236 " T3.68 T.8%  78-00-22-00
BRES ‘ . MMH | ‘ 238 3,60 1.78 78-00-22-00
BRFS = _‘ . N2HW ' ' 244 3.35 1.86  77-00-23-00
BRFS ToHH - 235 8.60 1.777 76-00-22-06
4297 CLF3 : ALH3 ' ' 283.5 3,75 _1.71__ 79-00-21-00
5096 CLF3 | BE 288, 3.8 1,83 . 79-00-21-00
3920 CLF3 » BEH2 3157% 3.7 V.33 0 79-00-21-00 ‘
¢ CLE3 B10OH13C2HS  280. 6.0 1.57 _ 86-00-14-00
4195 CLF3 . B2HS | 297.3 7.0 1.33 87-00-23-00
TW3ITSCLF3 BSH9 ‘f;““‘"‘"‘_""'zaq.a‘“7. 1,477 88-00-12-00
4375 CLF3 ' B5H9Y AL~ ' 289.8 7. .47 88-00-12-00
4375 CLF3 = BSH9 ALH3 289.8 7. 1.47 88-00-12-00
Tu826 CLF3T BSH -~~~ BE T 7729246 1455 1s55  82-00-13-05 T
_3920 CLF3 BSH9 BEH2 315.4 3.7 1,33 0 79-00-00-2)
3510 CLF3 CHY  273.0 5.66 1,22 85-00-15-00
~35107CLF3 ' CHy T AL 273.0 5,66 1,227 85-00-15-00 T~
4297 CLF3 cHy_ ALH3 283.5 3.76 V.71 79-00-00-21
5096 CLF3 : CHu 8E . 288,0 3,76 1.83 79-00-00-21
3918 CLEIT T T cMw T BEM2 T 315.4  3.54 1,33 78-00-00-22
L. CLF3 CH 1 315.3 3.22 .16 76-00-00-24
'Optimum sea level eipansion, .1000 psia to 14,7 psia - . ‘ ‘
28
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 Temp Oxidizer

TABLE floa(CONT.)

*

5.G.

" Fuel ' Is . MR Rel..fwiv:s".. ‘
CLE3 C2H6 269, E_

4116 CLF3 HYBAL AS  291.0 5.00 1.47  83-00-17-00" .
T3895 CLF3 HYDRAZOID=P 250,17 243 1.52 76-00-30-00
3597 CLF3 HYDYNE 275, 2493 142 75-00-25-00

3422 CLF3 H2 ' 318.0 11.72.0.62 92-00-08-00

CLF3 u 319.6 3.22 1.16  76-00-24-00

%109 CLF3 . LN 293.0 5425 1s54 _ 84=00-16=00

uu65 CLF3 MGHZ 275.0 3.55 1,74  78-00-22-00

3711 RS T 386,60 2470 1.2 13-00-21-00

3519 CLF3 NH3 275.0 3.65 V.34 73-00~21-00

3869 CLF3 NH3 AL 282.2 3455 1.33 78-00-19-03

3860 CLF3 NH3 RE T 289.7 3.22 1.1 76-00-14=10

L441 CLF3 N3 BE_ 295.2_.3.65 1.56__ 79-00-09-12

CLF3 NH3 L 314.5 5.0 1.36  83-00-16-01
" 3395 CLF3 NZHG — 292 "—'.'2‘; 90 V.52  T4-00-26-00
' iCLFS N2HW A 29440 2.5 154 71-00-23-05‘5
CLF3 N2HY B 3004 2.8 1,70  Tu-00-13-13
CLF3 N2Hb Mﬁﬁ‘_—__f—‘ééﬁi”_wé;df_Tfii———TE:bb;b3;E?”f—“"_
CLF3 N2HW  N2HSNO3 286.7 1.6 62-00-23-15
3608 CLF3 N2HG . UDMH 284.3 2.90 1,45  Tu-00-13-13
“c3s067CrFS REY - 8.0~ 3.26 T.ETTI=00-26-00
. €3658 CLF3 UDMH 278.0 3.10 1.38  76=00-2u-00
4425 CLF3 266.3 7.0 1.u3  79-08-13-00 .

FCLO3 .

B810H13C2HS

*Optimum sea level expansion,

1000 psia to 14.7 psia

29
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—-‘im

TABLE 10a(CONT. )

Tgm Oxidiger - Fuel 'Fuel. : o IS* - MR S.G. Rel. wts.
4297 CLF3 FCLO3 B5H9 301,44 4,00 1,17 __ 16-64=20-00
YUTH CLF3 FCLO3 B5H9 296,45 6225 1,39 64=22-14-00
3675 CLF3 - FCLO3 N2H& MM 28557 5.0 V3w 675080322
__45US CLFS B10H13C2HS 2994 6,0 1,60 86=00~1u=00_____
" 4503 CLFS B2H6 317.0 7.0 1.36 87-00-23-00
IR CLES G~ 293:2 3.0 V.08 75-00-28-00
Hu18 CLFS HYBAL AS 309.3  5.00 1.51 _ 83-00-17-00
4080 CLFS HYDRAZ010-P 3078 2.0 1,52 ’67-00-33-00
\ IS GRS WA 29987 2.7 TNouS 73-00-27-00
3390 CLFS NH3 300, 3.8 1.27__ 79-00-21-00 .
4165 CLES N2H4 312.9 2.7 1.47  73-00-27-00
TuS79 CLES N2HG ™ BE T 31700 3.0 1.57 T 73-00-19-08 "
3866 CLFS N2HY UDMH 3018 2,72 1,46 73-00-13-13
CLO3F (BHU)2ALC2ALIBHYI2  295.2 2.40 71-00-29-00
T CLO3F AL(83HB)3 T 30065 0 30200 T T76-00-24-00 7 T
4029 CLO3F ALH3 301.0 1.00 1.72  50-00-50-00
L2481 CLO3F BE B5H9  299.5 3,30 1,13 77-00-02-21
TERITICLO3F T T T gy TTT339,0 72413 1,127 68-00-32-00""
3737_cLose B2H6 314,68 3.00 0,93 75-00-25-00___
B466 CLOIF BSH9 31643 4.00 1.14  80~00-20-00
83610 CLO3F CHW T T T T 08640 T 5450 14057 T 85-00-15-00 7
c3633 cLose HYDYNE 267.0 2,80 1,22 T4-00-26-00  _
‘2012 CLO3F H2

344,0 6.00 0.38 86-00~-14~00

*Optimum sea level expansion, 1000 psia to 14.7 psia

30
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TABLE 10a(CONT. )

©
Opti

4300 FLOX 190~-10)

S U e e e e

mum sea level expansion, 1000 psia to 14.7 psia

Temp Oxidizer Fuel , ‘ IS* MR S.G. Rel- wts,
CLO3F ’ LIBUHY '303.0 3,40 17-00-23-00

3351 CLO3F uaw 272.0 3.7 1.36  76-00-24-00

3237 Clo3F MGH2 260.0 .85 1.56  ¥6-00-54-00

3611 CLO3F  MMH ' 292.0 2024 1432 69-00-31-00
83100 CLO3F NH3 | 273.0 2.02 1.05  67-00-33-00
“3433 CLO3F NZHis 365.5 1240 1,22 58-00-42-00

CLO3F N2HY N2HU+ BCOH3 328.6 1416 54-00-00-00

3602 CLO3F N2HU MHH: 292.5 2,20 1.33  69-00-04-27
| CLO3F NZHis, B3HT 308.9 2,30 ~70-060-30-00
C3686 CLO3F RPY . 28040 4.35 1.25 _ 81-00-19~00.
C3650 CLO3F wMH 290.0 2.70 1.17 . 73-00-27-00
3900 FLOX (30—70‘ B2H6 ' 354 2.9 0.85 E T4-00-26~00

4450 FLOX (30-70) BsHe 335 3.2 1.00 E 76-00-24-00
. 3800 FLOX (30-70) HYBAL A=5 332, 1.7 0.99  63-00-37-00
73050 FLOX (30-70) W2 _ 395 k.4 0.31 E 81-00-19-00 ;
2600 FLOX (30-70) NH3 ' 313 1.8 0.95 E 64-00-36-00 _ )
| 2900 FLOX (30-70) NZHY 323 1.2 1.12 E 55-00-45-00
T 3N10TFLOX (30-70) RPY 316 3.0 1.08  75-00-25-00 .

4500 FLOX (70-30) HYBAL A-S 348,  3.25 1.1 77-00-23-00 ;

4250 FLOX (90-10) CHU - 354 4.7 1,04 E qz—oo-la-oo-;1>“
T H3C0 FLOX (SC=16)" C2HE T 346 3.8 1408 E79-00-21700

_ MYBAL A< 359,

4.20 1,23  81-00-19-00 _ °

b2
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= ONDEN T~

TABLE 10a(CONT.)

Temp Oxidizer Fuel Ig* MR S.G.  Rel. wts,
13900 FLOX (90-10) MMH ' '356,0 2465 1423 E 73-00-27-00
W80 FLOX (90-10) N2HG  UDMH 359.2 2459 1.25 72-00-28-00
' _Eéﬁﬁa?lﬁi;f§biib)n : WMH 353.0 1,90 1. 11 € S4-00-46-00 ~
F2 |  AH3 347.6  3.00 1,50 75-00-25-00
Slue F2 | BEHW2 : 376.0 5.0 1.24 0 83-00-17-00 _
TR T T T gake T T T T T T T3 T 5460 141087 85-00-15-000
_5045_F2 B5H9 | 36) 4.60 1,215 - 82-00-18-00
%203 F2 CHy | 384 4,50 1.025 82-00-18-00 -
WI3T F2 _ Ry AL T 343097 829 1,027 83-00-17-00 .
F2_ | CHi ALH3 347.6 3.0 1,49 75-00-00-25_
4320 F2 CHY BE 3ukab 1.05  80-00~17-03
TSlWwe F2 T T T T e T BEZ T 37640 5.0 1.24 0783-00-00-17
5564 F2 S "~ CHW A L1 378.0 2.65 1.00 13-00-00-27
4050 F2 T caHe 336.0 3,70 1,10 E
4670 F2 B HYDRAZOID=P  357.1 1.85 l.33'"”65;09-35400'“'~—_
_4150 F2 4 g HYDYNE v 336,0 2,15 1,22  68-00-32-00
3961 F2 e 410.0 8.0 O.46 89-00-11-00
T3961 F2 T T g T LT TT T 41040 840 0.6 89-00-11-007
3961 F2 H2 ALH3 | 510.0 8.0 0.u6  89-00-11-00
3561 F2 H2 BE 410.0 8.0 O0.46 89-00-11-00
2067 F2 T w2= " BEM2 " 437Te6 1422 0.20 07 55-00-30=15"" "
k2 w2 BsH9____ 4D9.3 4.00 0.35 _80-00-16=0% '
F2 | H2 L1 431, 1.0% 0419 51-00-30-19

*Optimum sea level expanéion, 1000 psia to 14.7 psia

SONEBENTI

FORM - 608.8.1 (LEDGER) REV. §-38
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TONFDEY

TABLE 18 (CONT.)

‘Temp Oxidizer. Fuel. Ig"  MR. S.G. Rel wta.
5564 F2 U 378.0 2,65 1,00 73-00-27-00
4886 F2 LIN 363.0 4.56 1.31  82-00-18-00
4963 F2 MGHZ 329.,0 2.57 1.50 72-00-28-00
4392 F2 _MMH_ 346.0 2,48 1,25 71-00-29-00
4862 F2 MR BEM2 . 363.4 3,35 1.25  77-00-16-07
TuS87 F2 NH3 3597 3.30 1.175 77-60-23-00
4511 F2 N3 AL 35940 3415 1,17 76-00-2u=00
- 4815 F2 NH3 ' BE - 362.5 3.35 1,20  77-00-18-05
7518 F2 NH3 BEH2 376.0 '5;6 1,24 0 84-00-00-16
7 5258 F2 w3 U 373.0  2.57 1,00 72-00-11-17
4650 F2 N2HY 363.0 2.30 14305 - 70-60-3G-00
TRe61 2T NZHE AL 364,07 2.3 Ne31  69-00-31-00
" 661 F2 N2HS ALH3 3640 2.3 1.31  69-00-31-00
5150 F2 N2HY BEH2 37644 4.85 1.25  83-00-02-15
T 5564 F2 N2HG ._Lj 377.8 2.65 1,00 73-00-00-27 -
4508 F2 N2HY UDMH 349.6  2.40 125 70-00-15-15
Wu11 F2 RP1 318.0 2.60 1.21 72-00-28-00
TW292 F2 UDMH - 3%3:6_'2756_77i§_f~7i:55:§§:56'———-
2722 H20 . BEH2 328 1.62 0,834 62-00~38-00
3394 H202 (HBEBHW)2 - 363 0.70 0,84  41-00-59-00
'5“‘f—*nzuz , “BEW2 ' 357 ‘;f1250"029{5"304001u04b6‘*’"'
2658 H202 B2Hb 329 1.90 0.805 66-00~34=00
3020 H202 B85H9 307.6 2.33 1.04 70-00-30-00

33

*Optimum sea level expansion, 1000 psia to 14.7 psia
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TABLE 102 (CONT.)

Temp Oxidizer - : Fuel : - IS* - MR S.G. Rel- wts,
3020 H202 ’ B5H9 -~ AL 307.6 2,33 1.04 _ 70-00-30-00
H202 | © BSH9 CALH3 . 31841 0489 14T 47-00-00-53
H202 ‘ BSH9 BE 31,8 T2.57 1,06 12-00-21-07
2750 W202 ___BSH9 . u 324 1.78 0,81 _ 6u-00-23-13
B H202 CHY 281 7.95 1.13  89-00-11-00
202 TeHE T AT 292097 1T V17T 5US00-12-30
K202 . cHu A3 319.0 0.89 1,40 _ 47-00-02-51
H202 T e BE  326.0 1.4b 0,83  59-00-21-20
8 HZ02 Ch T 28V T 7.95 Ve 13 T89-00-11-00 @
2439 H202  HYBAL AS ' 318.0 1.00 0.98 8 50-00-50-00
1825 H202 HYBAL B3 | 306, 1420 0,93  55-00-45-00
~Z350 H202 HYBAL B3 “TBEHZ T 350. T 1.0 0290 T 50-00-25-25
2504 1202 W2 322 7.3 0.43 _ 88-00-12-00
‘w202 .. H2ALB3HB 321 1.0 63-00-37-00 _
T2 2oz . ™™ T T 262407 wa26 1,267 81-00-19=00
_ 3073 H202 ’ _mGH2 ‘ 280.0 0.64 1,45  39-00-61-00
B - H202 w3 | 27049 2489 1.11  T4=00-26-00
TTTH202 T e NMETT T AL T 200490 045k 101277 35-00-30-357
H202 NH3  ALH3 318.6 0469 1.29  41-00-12-47
H202 | NH3 BE 32604 0467 1a24  40-00-38-22
H202 - NH3 T LE T T 2TTe8 T T T T 39-00-30-317 77
C w282 NaHW 1282.0 2417 1,26 88-00-32-00

*Optimum sea level expansion, 1000 psia to 14.7 psia

3
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DORFORNT

TABLE 10a (CONT.)

Temp Oxidizer : o Fuel } Ig MR  S.G. | Rel. wts..

*
2885 H202 ' N2HM BE 317.4 0482 1415  45-00-44-09
2771 H202 . N2HW  BEM2 327.3 0.43 0.96  30-00-56-14

2755 H202 H20 CoH1Y BENZ  334.2 493 98-027 -

2897 H202 w20 HYDYNE 276.,0 u.T0 1.27 95-05/00-00

2300 H202 ~ H20 H2 314D T7.50 0,44 95-05/00-00

2937 H262 W2G  H20 BEH2 —344,9 0.3 0.88  98-02750-50

2911 H202 h20 e 279.0  3.58 1,25 _ 95-05/00-00

2765 H202 H20 MMH BEH2 336.0 0.61 ~  98-02/65-35
3506 w2032 W20 NH3 —382.0 300 1.12  95-05/00-00"
__2670_ 202 H20 NH3 BEM2  352.0 D0.76 0,86  98-02/50-50

2330 H202 20  N2Hu 282, 2,17 1.26  95-05/00-00
2908 H202 H20 RP1 o 27240 T.26 1,30 95-05/00-00
2925 H202 H2G UDMH | _278.0 4.52 1.24 _ 95-05/00-00

2975 w202 H20 UDMH  276.8 3.5 1.22  78-00-22-00
TT3738 IRFNA , B5H9 | 292,35 3,50 V.17 78-00-22-00
2603 IRFNA - HYBAL AS 312.5 080 0,97 _ 44-00-56-00
c IRFNA HYDYNE 26943 3.30 1.32  77-00-23-00
2030 TRANE “Hz . 326207 6400 0239  86-00-14-00
: IRFNA JPX  266.0 4,30 1.31__81-00-19-00

3123 IRFNA S MMM 27406 2.6 1028  72-00-28-00
B2 TRAA i3 260 2.1671.10  68-00-32700
Eezsso IRENA . N2HB | 283 1,45 1.28  59-00-41-00
| 2720 IRENA ~ RP1 268 .80 1435 83-00-17-00

*Optimum sea level expansion, 1000 psia to 14.7 psia

35
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g

TABLE 10a (CONT.)

Temé Oxidizer - Fuel Is* MR S.G. . Rel- wts. -
3151 IRFNA . uomw 272.4 310 1.26 _ 76-00-24-00
MDFNA o BSH9 294 2.80 1,14  7u-00-26-00
MDFNA ' "DETA v _ .276—_bmg:‘i*1:§5f——73:66;Zﬁ:aﬁff__'_
3249 MDFNA HYDYNE  275.4_2.80 1432 T4=00-26-00
MDFNA Comm 280  2.40 1.30  71-00-29-00
"7 MDFNA . UDMH TTe78 T 2.9371.28  15-00-25-00
MON(75-25) _ B2HE | 3190 295 0491 E 75-00-25-00
MON{75-25) BSH9 ' 303.0 3.45 1,09 E 78-00-22-00 :
MONI(75-25) - CHU 28640 5,15 V.02 E 84=00-1 6=00 .
MON{T75-25) HYBAL A=S - . 302.0 2.30 1,09 E 70-00-30-00
MONITS-25)  HYBAL A-S 306.0 0.80 0,93 E 44-00-56-00
TTTMON(T5<25) 2~ 343,87 5,85 0437 € 85-00-15-00
MON 15-25) MMM 292.1 2,22 1,17 69-00-31-00
MON(75-25) NH3 272.3 2,10 1.04 E 68-00-32-00
'MGN@(’YS:ZS')_—b——‘:NiH—W-—‘ A 295.1 1ok Y19 '58-00-52-00 " T
MON (75-25) N2H4 UDMH__ 293.0 2,10 1.18 E 68-00-16-16
MON(75-25) RP=1 o 279.0 U4.18 1,21 E 81-00-19-00
MONTT5525) ™~ upMH 288.0 2,70 V.15 € 73-00-27-00
_MON_(85-15) B5H9 302 3.06 1.07  75-00-25-00 -
3893 MON (85-15) cH2 ALH3 293.5 2.33 1.33  70-00- -
TINO5TMON TE5-151""""TCHZ T CNSHMB 28144 1.7 142 T63-00-31-0677
| C3425 MON (85=15) CH2 CN9H9 281.0 1.5 1.38  60-00-34-06
B MON(85-15) HYDYNE 2860 2490 1.20  T4-00-26-00

*Optimum sea level expansion, 1000 psia to 14.7 psia
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TABLE 10a(CONT.)

Temp Oxidizer . Fuel - Is*. MR S.G. . Rel- wts.
MON(85-15) ' MMH -~ ‘ 290.0 2.20 1,18  69-00-31-00
B MON (85-15) © uomH 288 2.64 1416 73-00-27-00
TRI2 NFoZ BT ) — 316753 5.50 1,18 78-00-23-00 |
3343 NFO2 = N2HY ‘ 295.35 1.40 1,27 58-00=42-00
4047 NFO2 N20& AL (BHU)283H8 . 315.4 3.0 37-37-26-00
TENNE NFOZ N20W N2HY UDMH 293,6 2,00 1.31 53-13- IT:IT——
4225 NFO2  °  N20% B5H9 ‘ | 307.0 3.20 1a14 _ 61=15-24-00
o 4956 NF3 ALH3 | 323.0 3.55 1,58 78-00-22-00
2 TRTSTNEI T . BEH2 - 359.0 Wi 1028 82506-16-00
__4809 NF3 BSHY ' 304e 6.7 1.37  87-00-13-00
WTuw NEZ " w2 e 307.4 4.0 © 80-00-04-16
4538 NF3 CHZ LI 321.0 3.5 78-~00-05-17
3876 NF3 W2 | 351, 13.3 0.62 _ 93-00-07-00_
: NF3 u 340.0 3.30 1,07  77-00-23-00
TR3BN NFF . ST R " 319.0 5,90 1.38 aa-odIiE:66_‘ff“
4620 NF3 i MGH2  302.0 3.55 1,52 78-00-22-00
. NF3 | w3 Lt 340.0 3,30 1,07  77-00-00-23
TRNZNEYTT T T322, 2,70 1036 73-00-27=66
_ NF3 ' NeHe LI 340.0  3.30 1.07 _ 77-00-00-23
3964 NP3 UMM » 309, 3.16 1,26  76-00-24-00
TUTeZ N2FE—— 2§ 340.2778.0 15287 89-00-1100 "
’ N2Fy BSH9 - 333.5 7.3 1.37  88-00-12-00 -
)~ *Optimum sea -]:e;é‘lwéxpransioxri, 1006 psiaqto 14.7 p;i; - o
|
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TABLE 10a (CONT.)

Temp Oxidizer - Fuel . 1" MR 5.G. Rel. wis.
N2EM BSH9 L 348, 3.7 1.4 78-00-00-22
3782 N2fy C cHe o 31401 6418 1,17 86-00-14-00
NZFR » cHb AL “EINT 613 TIS 1T 86-00-1500
N2FM cHy XN 3u8. 3.7 1.14 _ 78-00-00-22
3550 N2F4 ' " C2H6 310.0 5.02 1.2 € 83-00-17-00
TT3669 N2Fh HYDYNE N 313,0 3.127 1,27 76-00-24-00
3842 N2FY . H2. . 361.0 12,00 0.59 _92-00-08-00
| N2FU LI 348, 3.7 YW 76-00-00-22
THOTY N2FN MM T T T T 321,0 773425 14287 77-00-23-007 .
4183 N2Fk NH3 321.0 4.00 1.23 _ 80-00-20-00
N2FN K3 AL 327.5 4.25 1.27  81-00-15-04
TTUTUN2ENTT - NH3 T 348.0 3.70 lo14 ~~ 78-00-00-23 T
4408 N2F4 | N2H 332.0  3.06 1.43  75-00-25-00
4253 N2Fk N2HW - UDMH  ©  322.9 3.30 1,30  77-00-12-12
3950 N2F4 » RPI ™ T TTTT299.0 3450 1.26  78-00-22-00
3986 N2F4 UDMH 316.0 3.10 1.22  76-00-24-00
46Th N2FW  CN3FT CLO3F  B5H9 323 8.2 1.39  b2-42-15/11
3933 N2F " CN3FTCLO3F —CHE ~——— — 730642 7412 1,23 88-00-12-00"
4225 N2Fk  CN3FT CLO3F  HYDRAZ0ID=-P 316.8 2.71 1,45 73-00-27-00
3599 N2F4  CN3F7 CLO3F W2 348.1 11.2 058  42-42-15/08
ffulou N2FL~ CN3FT ~CLOZF——MMH~ ~—~ — " T 312.7 3,70 1.387 " 78-00-21-00. "~
4059 N2FW  CN3F7 CLO3F  NH3 311.0 4.82 1.32  83-00-17-00
ﬁ NZFW  CN3FT CLO3F  NaHh 0 316. 3.30 1.43  42-42-15/28

¥Optimun sea level expansion, 1000 psia to 14.7 psia
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TABLE 10a (CONT.)

*

336.6 1.77 1.01 0

Temp Oxidizer - Fuel 1g MR S.G. Rel- wts. .
37u6 N2F4  CN3FT_ CLO3F - RP-1 290.1_3.99 1.36 _ 80-00-20-00
w783 N2H BE. 329, 3.00 114  75-00-25-00
2840 N2HY BSH9 328 1,27 0.80 56-00-44-00"
4550 N2Hy HYBAL AS 319,  5.00 0.95 83-00-17-00
3350 N2HW H202 . BE 335 0.5% 1.2 - =65-00
B3367 N20k : (CR3Y2NA 27973 3240 0. 77 77-00-23-00
© 83322 N2ok (CH3)20 275.0 2063 0.82  T72-00-28-00
83082 N20k (HOCH2) 2 © 257.0 1480 1.21  64=00-36-00
B3360 "N20w (NW2YZCHE T T280.2 7 2472 Vo1 73-00-27-00
_ 4375 N2ow AL 237.2 2,90 1.80 0 74-00-26-00
3835 N20W AL{BHU)2B3H8 395.2 2% 71-00-29-00
T737027N20k ALR3 T T 299e4 ™ .93 1,595 § §8-00-52-00
3572 N20M AL2N2C5B6H38 310.5 1,70 1,05 63-00-37-00_
4351 N204 B 258.1 3,18 1.59 0 76-00-24-00 °
73355 Na2ou BE ~326, " 0052 1469 34-00-66=00
3077 N204 BEH2 328.7 2.00 1.04  67-00-33-00
82725 N20% B10H13C2H5 29143 3.34 1.22  77-00-23-00
TT3605 N20W B2H6 "316;6“2.85 90 6 T4=00-26-00
4030 N204 BSHY 299.7 3.35 1,11 17-00-23-00
4030 N20W BSH9 AL 299.7 3435 1.11  77-00-23-00"
T 3992°N20K BSH9 ™~ TTALHI T 3004 1.7771. 26‘"“¢u-oo-||-2s
_ 4030 N204 BSHY BE  299.7 3,35 1.11 _ 77-00-23-00
3890 N204 BSH9 BEW2 64-00-00- 24

~ Optimum sea level expansion, 1000 psia to 14 7 psia
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'TABLE 108 (CONT.)

Temp Oxidizer ‘Fuel - I3 MR S.G. Rel- wts,
4030 N204 BSHQ u 299.7 3.35 1411 17-00-23-00
3460 N20W cH2 276.0 4.15 1430 O 81-00-19-00"
73900 Na20k - CH2 AT 28005 2,05 V. U1 67-00-17-16
. 3900 N20% cH2 CALM3 30247 1.27 1426 56-00-30-14
3492 N20W cH2 8 277,  3.55 1.37 78-00-15-07
3916 N20W tH2 BE T T304 2,227V 36 469-00-19-12
3597 N20u CH2 LIALHY 295, 150 1.18 60-00-‘0‘30'
83506 N204 CH3CN 273.5 2,55 0.93  712-00-28-00 .
83280 1208 CH3NA2 27756 3.0570580  75°00-25-00
83348 N2k CH 283.5 5.05 1,03 84-00-16-00
3864 N20N CHY AL 29101 1.78 1.16.  64-00-14=22
~3622 N20i" CHi T ALH3 T 309. T 1427 1.16 T 756-00-10-3%
3465 N20W _ cHu BE 309.7__1.9% 0,99 66-00-20-1k___
3578 N204 CHl BEH2 337.  1.78 0.92  64-00-11-25
~3160 N204 C2HECLZ ™" T 7T 235.7 1410 133 52-00-48-00
BULBO_N20% C2Hu0 277.5 2,13 1.01 _ 68-00-32-00
B3365 N204 C2HSNH2 279.4 3,40 0.78  77-00-23-00
C  TTN2ow TTTC2HE S T 28%.0 TR T T T
B3303 N20Y C3HTOH 270.3 3.13 0.90  76-00-24-00
B3515 N20N CoHSNH2 270.3 3.13 1,10 76-00-24-00
" B3659N20k HON © T T 27646 7162 04877 62-00-38-007
3070 N204 HYBAL AS | 299.5 2.2 1,11 69-00-31-00

!

*Optimum sea level expansion, 1000 psia to 14.7 psia

FORM 608-B-1 (LEDGER) REV. 1-58
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_ TABLE 10a (CONT.)

Temp Oxidizer | Fuél _ . - ISi ﬁR S.G. Rel- wts,
2175 N20y HYBAL AS B 303,  0.70 0.92 41-00-59-00
2100 N20k " HYBAL B3 ' 308. - D67 0.83  40-00-60-00
B3353 N20W - uiﬁdAzdxo-p - 289.9 1417 V.26  54-00-46-00
3392 N204 _ HYD YNE 282.0 268 1.22 0 73-00-27-00
2186 N2ow H2 30,8 5.75 .37 0 85-00-15-00
3460 N204 , N S— 279 3.50 V.32 760022700
B3120 N204 A xr - 258.4 1,06 279 0 51-00-49-00
B2970 N204 _ un 261,2 “2.82 1.2V G 74-00-26-00 .
3389 N204 v MMH T 28840 2.19 1,21 0 65-60-31-00
3276 N2ok MMH  BEH2 330.5 103 1.02  51-00-33-16_
82880 N204 NH3 " 269.3 2.00 .99 0 67-00-23-00
B3B8 NZOW _ N3 AL 287.5 0,67 1,13 10-00-30-30
3670 N20u N3 ALH3 310, 0489 1.23  47-00-13-40
3226 N2ow . N3 BE © 315.9 0.82 0.97  45-00-38-17
3384 NZ0N - NHS BEHZ 3455 1,04 0,69  §1-00-24-25
82545 Naow w3 Lr 272.7 0,67 0.T6 _ 40-00-35-25
3259 N20u Ny 29202 1430 1.22  57-00-43-00
TESe6 N2Gh T TTTNgHG AL 302,87 0450 L3N $57007u2-25
" 3460 N204 |  Neww L3 317.3 0,61 1.27 - 38-00-32-30
3355 N204 o N2HY4 BE . 32603 0451 1,21  34-00-52-1%
- N2o— ——RaHi " BEH2 337,65 1.8571503 65700-02-3F
;E?ééi_ﬂzgh T LI ""' 288, 0,51 0,96  34-00-49-17

3358 N20% - NZHb UDMH 28841 1495 1.20 0 66-00~17-17

*Optimum sea level expansion, 1000 psia to 14.7 psia
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Temp.Oxidizer |

TABLE 102 (CONT.)

Fuel I3 MR S.G. Rel- wts.
3372 N20s N2HY4 UDMH ~289.2 2.0 1.2 66-00-17=17
3450 N204. RPY 127640  4.08 1426 O 80-00-20-00
B3440 N20k T UDNA 285.3 2,60 1,18 0 72-00-28-00
_N204 UDMH BEH2 338.5 2400 1,03 66-00-02-32
4938 0F2 AL 280.5 3,50 1,68 0 78-00-22-00
5976 OF2 B T 33026“‘3;35"T:85‘6-77:06413406“—_’
4990 OF2 -BIOH13C2HS 353.,8  3.84 1,30  79-00-21-00
4550 OF2 B2H6 365.6 3.60 D.99 78-00-22-00
TW880 6F2 B5H9 355.0 %00 1.19 80-00-20-00
4360 0F2 CHb 348.0 5.60 1,09 . B85-00-15-00
Lu48 OF2 C2HS 3u6. 490 1,15  B83-00-17-00
k580 OF2 C3H8 354,46 4,20 1.1470 81-00-19-00
_ 4027 OF2 HYDRAZGID-P 333,3  1.36 1.3 | 58-00-42-00
Y472 OF2 HYDYNE | 349.0 2475 1.27 0 73-00-27-00
3584 OF2 W2~ TTTTTTTTUTTTTTTR01 T 6400 04385 86-00-14=00
4410 OF2 LIBHY 356.7 3,35 1,17 0 77-00-23-00
L240 OF2 MMH 343 2,50 1.260 71-00-29-00
3878 OF2 NH3 T T T T TTTTTT337,0 772430 1410707 70-00-30-00
3990 OF2 N2H& 339 1.60 1.270 62-00-38-00
4006 OF2 N2HL BE 341.8 1.24 1,29  56-00-38-06
U194 0F2 N2HU T UDMH 738240 2414 1.25 T 68-00-16=16 """
L_}ﬁbb oré RP=1 341 3,80 1.285 79-00-21-00
k468 OF2 UDMH  350.6 2.70 1.22 0 73-00-27-00
*Optimum sea level eipahsion; 1000 bsia t6'14.7 |

FORM 608-B.1 {LEDGER) REV. 1-58
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~CONRDENRAE

Temp Oxidizer

'TABLE 102 (CONT.)

S.G.

Rel- wts.

Fuel I MR
4808 _ONF3 BSHY 332,9 8,00 1.47  86-00-14-00
LYBS ONF3 BSH9 309.7 6.00 V.47 O 86-00-14-00"
4127 ONF3 T MMH 321.3 3,00 V.47 15-00-25-00
3189 ONF3 _NH3 276+.2 3.00 1.24 0 75-00-25-00
3484 ONF3’ N2HY4 292.8 2,00 V.47 0° 67-00-33-00
3346 ONF3 RP-1 T269.2 4,00 1,49 0. 80-00-20~00 .
ONF3 UDMH 289.6 3.80 1.40 8 79-00-21-00
4481 ONF3 CLF3 B5H9 306463 6,00 V.46  69-17-14-00
4074 GNF3 CN&F8 TN2HW 31ui1““3;o"””“““—__”:*“:25¢66"_A
4259 ONF3 C2NSE11. N2HM4 321.1_ 3.5 35-43~22-00
4705 GNF3 N2F4 ' B5H9 328.1 6.00 1.43  69-17-14-00
“WT137ONE3 N2F& B5H - ; 732205 7.00 .38 44-uk=12700
02 (NH24 C2HL ) 2NH 298.2 1.2 1,05 55-00-45-00
02 INH2.C2HBI2NH CIND2)W 299.8 1.6 117 62-00-3u-0k
" 4540 62 ALH3 309.0 0.8 1.31  44-00-56-00
S61% 02. BE 256.1 1.78 V.32 84-00-36-00
4110 02 BEM2 356.0 1.30 0.86  56-00-44=00
—3855702 B2H6 342,86 2,15 S T568-00-32500
4400 02 B5H9 320.0 2.4 .92  71-00-29-00
3590 02 CHu 311, 3.35 .82  77-00-23-00
T 3suTo2 CHE AL 3\l;”“3235’675?“;f?7366323:66‘
. 3885 @2 CHy ALH3 324, 1.22 0.96  55-00-15-30

i
|
e

Opfimﬂﬁ Seﬁ le§e1 eipansion. 1000 psia to>14.7 p;ia
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TABLE 10a (CONT.)

~Terp Oxidizer . - Fuel - : Ig" MR S.G. Rel- wts.
3556 02 : . CHM - BEH2 | 35943 124 0471 55-00-64=36
02 ~ cHu Ll 311.0 3.35  77-00-23-00
WEer CERSBVORIS 30808 2:1071.61 68700-32700
02 - coaws 308.7 3.0 0490 . 75-00~25-00
02 . . DETA . | 298.2 1.2 1.05  55-00-45-00
TR BETA T CINGZIE T 2998 1.6 1217 620034508
3781 02 HYBAL AS _333,5 1.40 0.93  58-00-42-00
3589 02 o HYDYNE © 308.0 1.70 1.02 63-00-37-00
W670 62 - W2 : 197,000 0528 80-00-2000
a2 : M2  (BE=AL) w48, 0487 46-00~- -
02 ' , H2 {BE=B5H9) L49.7 0.84 uo-ooQ_ -
02T ‘ H2 “(BE-NZHK) ~ BU6.5 0450 4 T 33-007 =TT
62 ~ H2 AL 396.0 o « = = -

02 : w2 ALH3 396.5 0.63 . 39-00- =
230002 ” W2 BT N1 1,08 2N T 52500 & T
2186 02 H2 BE 457, 0487 0.22  47-00-28-25
2785 02 - w2 BEH2  4ST. 0485 0.23  46-00-24=30

02" : ~H2 BSHI T T399.6 1.0 TTT80700-" = T
2un4 02 W2 CHs-BE 429.3 .69 .23 41-00- =
2633 02 M2  CHu=BE 439.4 .79 24 Uk-00- -
188602 T TR T UL T T kO, T e T e207 T 37=00- T ST
3309 02 LI B 263.0  1.9% 1,01 66-00-34-00
3076 02 MGH2 . 270.0

'Optimu'm sea level expansion, 1000 psia to 14.7 psia
Ll

GONFBENER

FORM 608-B-1 (LEDGER) REV.!-88
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CORFBEN

TABLE 10a (CONT.)

Temp Oxidizer - . Fuel - " Ig" MR S.G. Rel- wts. .
3581 62 MMH 312.0 1,45 1,02 59-00-41-00
3061 62 T 294.0 1036 0.89  58-00-42-00
3613702 - RA3 AL 3017 <97 <92 49-00- -
a2 NH3 . AL 324.8 .67 1.04 _ 40-00~ =
3324 02 , NH3 BE 330.6 .53 .86 35-00- -
"3583 02 _ “NH3 BEH2 » 360.5 .80 <79 L4k-00- -
| 02 _ NH3 . n 29%.0 1.35 0.89 - 58-00-k2-00
3450 02 .  NZHM 313.0 0490 1.07 47-00-53-00
3613702 NG AU 316,67 T8 T Z500= =
62  N2HM ALH3 330.0 .52 1,17 34-00- -
3536 02 , N2HY BE . 337.5 0.39 112 28-00-56-16
T3tev e —NZHE T BEW2 36105 L 717992 W1=00- =
asul 02 N2HY L 311.03.35 0.82__ 77-00- -
352302 S 7. N2HB - UDMH 31105 1.29 1.02  56-00-22-22
3690 02 — RPY 30006 226 V.02 1260-2606
w02 UOMH  310.0 1.67 0,97 63-00-37-00

’ . ~ U ISR e .. w .

418

»*
Optimum sea level expansion, 1000 psia to 14.7 psia
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Table 10b contains a summary of performance information on the solid ' |
propellant combinations. The fuels and oxidizers of Table 5 were ' '
combined along with binder materials from Appendix A. Values of specific _
impulse, propellant density, and combustion temperature are listed. - .
Table 10b actually lists families of propellants rather than individual ' : l
compositions. Each family includes many formulations, but for compar- - S
ative purposes, they can be grouped into classes based on one or two . :
key ingredients, e.g. ammonium perchlorate plus aluminum or beryllium; ' ' ‘
or beryllium hydride plus any oxidizer. Also, minor variations have
been omitted for the sake of brevity and clarity. For example, in :
addition to beryllium hydride and aluminum hydride, various other metal . . l
hydrides have been considered or even carried through to propellant .
formulations. Lithium aluminum hydride is one which has perhaps received

' most attention. However, these have been universally less desirable than
the basic aluminum hydride or beryll’ .~ hydride either because of lower
attainable specific impulse or incom  :bility with other propellant
ingredients or both, ‘ . o

Propellant comblnatlons w1th both lower spe01fic impulse and bulk density
were immediately rejected. Where both values were higher, the propellant
‘ combination was retained. In the intermediate cases where one value is

) higher and the other lower, some tradeoff between the effects of specific
impulse and bulk density is necessary. These tradeoffs were determined
in Volume III for each stage of the nominal Apollo vehicle. Combinations
of specific impulse and bulk density which result in no change in the
nominal payload were determined and zero payload-change contours described.
These are plotted in Fig. 2 where the specific impulse and bulk density
are presented as a percent of the nominal values,

The payload gain potential for the propellant combinations was determined
using Fig. 2 and the propellant performance data listed in Table 10.

A propellant combination with a bulk density and specific impulse giving
a point above the .lines would give a payload increase and would be
retained; whereas if a point below the lines occurred, the propellant
comblnation was rejected.

When the combination of specific impulse and bulk density gives a point
very near or intermediate to the lines, where mixture ratio variations
could strongly affect the point, the propellant combination was retained
for further study. The hydrogen-fueled combinations fell into this
category and were retained in the investigation. As a result of this
screening, all remaining propellant combinations will provide some
increase in payload over the present N204/50—50 combinations. Later
investigation will compare the actual payload increases.

L6

FORM 608-B-1 (LEDGER) REV. 1-58
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LIQUID PROPELLANT COMBINATIONichPARISON FACTORS

From the preliminary screenings, a number of propellant combinations
remain, each providing some increase in payload, and each potentially
able to te developed in one of the time periods. To compare these
propellant combinations further and to ensure that.this comparison

' proceeds.in a rational manner, a comparison and rating procedure was
developed. : : T :

Five major areas in which comparisons could be made were estsblished: -
(1) Performance, (2) Reliability, (3) Operational Aspects, (4) Develop-
ment Ease, and (5) Launch Operation Ease. Each of these areas were
composed of specific comparison factors. These factors represent

the various propulsion system characteristics. They are listed in
Table 11 . The factors in themselves combine several propellant or
propulsion~system properties.

% - In this section, the development of the factors is presented and the
' evaluation of the factors for the different propellant combinations
is descrited. The grouping of the factors into the five basic areas
of comparison, and the overall rating system description is presented
: in the next section of this report. ' :
b ' RELATIVE PAYLOAD CAPABILITY :

All of the propellant combinations remaining in contention will provide
some increase in payload over the present N204/50-50 combination
(The present landed payload is very small <:300~pounds.) The actual
payload irzcrease provided by a propellant combination is however, an
important area of propellant combination comparison. A comparison
factor was, therefore, established to provide an indication of the
relative rayload capability of the various propellant combinations.
From the investigation of the model Apollo mission and vehicle.
(Volume 11D, the effects of specific impulse and bulk density on
landed payload increase (over N204/50-50) were described assuming
the same propellant (specific impulse and bulk density) used in all
three Apollo propulsion systems (Fig. 3 ). Using this figure,
payload ircrease estimates were made for each propellant combination.

L9
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Fig. 3
Based on Analysis in Volume III.

Effect of Engine Specific Impulse

and Propellant Specific Gravity
on Apollo Spacecraft Payload
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Specific impulse and bulk-density values were based upon the wmlues
listed in Table 10 (Chemical equilibrium was assumed.) In order to
obtain an estimate of the specific impulse at vacuum conditions, the
values of Table 10 were scaled up by a factor which related the
optimum expansion specific impulse (1000 psia to 14.7 psia) to vacuum
specific impulse (chamber pressure = 300 psia; expansion ratio = 40:1)
for N0 /50-50. An efficiency of 93 percent was placed on the specific
impulse for all propellant combinations. This simplified approach is
Jjustified by the extremely large number of propellants considered

and the fact that optimum expansion specific impulse values were more
frequently available than the vacuum values. <The payload was, there-
fore, an approximate value and slightly biased against the high-energy,
flourine-type propellants which probably achieve higher efficiencies.
The highest payload encountered was approximately 10,000 pounds. This
value was assigned a rating of ten and a linear payload-rating relation
used between this value and the minimum, or zero, value,

Where one of the propellants in a combination has a very low density
(i.e., LH2), the payload capability estimated by Fig. 3 is not
realistic since the weight factors (based upon the current Apollo)

are too high for use with low-density propellant. For these propellants,
lower tank weights are necessary and the effect of mixture ratio on
performance must be investigated.

The dependency of the payload capability upon the mixture-ratio and

the tank factor is illustrated for four representative propellant
combinations, in Figs. L and 5 . Mixture ratios about the optimum
were used. The tank factor was represented as a percent of the nominal
tank weight. Both mixture ratio and tank factor could be varied to
obtain a comparative payload. However, since all other propellant
combinations were compared on the basis of payload capability at the
mixture ratio to maximize specific impulse, the mixture ratio of the
hydrogen fueled systems was not altered for determining the comparative
payload. The tank factor for all hydrogen fueled systems was reduced
by 50 percent in each of the three stages. The dependency of the
payload capability on mixture ratio and tank weight factor is illus-
trated for four representative propellant combinations in Figs. L and
5 . Tank factorsare presented as a percent of the nominal values.
The hydrogen-fueled combinations are,as expected, extremely dependent

on the tank factor and mixture ratio. To account for these effects,
the payload capability of the hydrogen-fueled combinations was evaluated
at a tank factor representing 50 percent of the moninal value. The
mixture ratio providing maximum specific impulse was used since most

of the available data was for this condition.

The relative payload comparison factors are presented in Tables12 and 13.
Although these are estimates, they should reflect the relative payload
capability accurately., In Table 12 the X indicates that the propellant

provides less payload than Np04/50-50.
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TABLE 12 ,
PAYLOAD AND RELATIVE VOLUMES

Bulk

')

v

. v - . Volume
Specific ?P v° vf Rating
Oxidizer Fuel MR  Gravity Payload 'p Ref, "o Ref. f Ref, Factor
C1Fs BpHg 7.0 1,33 1400  0.89 1.01  0.74
By 7.0 1,47 870 0.82 1.04. 0.54 8.2
CH, 5.66 1.22 X - - -— -
Hybaline A-5 5.0 1.47 990 0.82 0.98 0.60 8.5
Hydrazoid P 2.3  1.52 1300  0.80 = 0.82 0.80. 8.9
Hydyne 2.93  1.42 — — - _
H, 11,72 0.62 - 1.81 1.02 2.8 0
MMH 2.7  1.42 900  0.84 0.87  0.84 8.7
NH, 3,65  1.34 X 091  0.98  0.89 8.2
NoHy 2.9  1.52. 1300 0.78 0.87 0.70 8.8
N, MMH 2,87 144 X - - — - -
NoHy UDME 2.9 1.45 300 0.84 0.88 0.78 8.7
RP-1 3,26 1.41 X - - - -
UDMH 3,1 1.38 X 0.89 0.92 0.88 8.5
C105F By Hg 4.0 1.17 1500  0.85 1.07  0.52 7.9
ClosF NpHg MMH - 3.0 134 - X - - - —
C1F; B,Hg 7.0 1,36 - 3800 0.83  0.94  0.70
CHy 3,0  1.04 X - — — —
Hybaline A-5 5.0  1.51 3500  0.76  0.91 . 0.59 9.4
Hydrazoid P 2.0  1.52 3500 0.75 0.73 0.84 9.5
MME 2.7 1.45 2300 - 0.81 . 0.82 0.80
NH3 3.8  1.27 . 1700 0.91 0.91  0.81
NH, 2,7 147 3800 077 0,80  0.68 9.4
N, UDME 2,72 1.46 2500 0.80 0.81 .0,78 .
C10,F B, 3.0 0.95 1700 1.26  1.08 1.4 8.3
BsHg 4,0 1,14 3150 0.98 1.14 0.81 8.9
Hydyne 2.8 1,22 X - - - —
H, 6.0 0.38 = 0
MMH 2,24 1.20 350 0.90 0.87  0.94
| NE, 2,02 1.05 - - -

ST 5
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"TABLE 12 (Continued) . -

PAYLOAD AND RELATIVE VOLUMES

Bulk R/ R K7 Volume

| , . Specific N 7 Rating
.Oxidiger . Fuel MR Gravity Payload p Ref. ‘o Ref, 'f Ref. Factor
C1,F NoH, 1.4 1,22 1700 0.9  0.86 1.06 .
o . NpHMNH 2,2 1,2 30 . 0,90 . 0.87. -0.94
RP=l 435 - 1.25 X i . me -—
UDME 27 117 X e e= L em =
FLOX  30-70 Bylg 2.9 0.85 5600 1.2 . L2 L33 4.
© 30-70 Bgl © 3,2- 1,00 4800 & 1,08 1,20 0,91 6.1
30-70 B, - 4.4 031 - 33 113 60 0.
©30-70 NHs 1,8 0.95 1600 ~ 1.20 1.07 133 4.6
30-70 NpHy . 1.2 1.2 3400 0,99 088 112 T.2°
30-70 RP-1 5.0 1.08 2800  1.05  1.24 0.78 6.0
90-10 CH, 47 1.04 6800  1.00  0.95 1.04 7.8
90-10 C,H, - 3.8 1,08 6000  0.99 . 0.90 1.03" - 7.8
90-10 MMH 2,65 1.25 8000 © .0.83 0,91 0.72 9.1
| 90-10 NpH, UDMH  2.59 1,25 8300  0.82 . 0.91 ©0.70 8.6
90-10 UDMH 1.9 1.1 7500 - 0.88 0,91  0.80 = 8.5
7, BHe 5.6 105 - 8900  0.91 . 1.00 0.76 8.2
B5Hg 4.6 1,215 8400 0.84 0,99 0.65 8.4
CHy 4,5 1,205 5700 - 1.04 .04 1,00 7.4
CoHg 3,7 1.1 5300  0.98 . 1.01 0.95 8.0
Hydragoid P 1.85 1,33 8400 0.78  1.09 0.75 8.0
~ Hydyne 2,15 1,22 5700 = 0.88  0.88 0.9 85
B, 8.0 0.46 == 2,001  0.9T 33 .0
MME 2.48 1,25 7000 . 0.85  0.89 0.77 8.6
NHsz 3.3 1,175 8000 0.89 0,90 0.80 8.5
NE, 2,3 1.305 8800 0,78 0.82 0.68 9.0 ‘
N)E, UDME 2.4 1.25 7400  0.85  0.86  0.77 8.8
56
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TABLE 12  (Continued)

PAYLOAD AND RELATIVE VOLUMES

Bulk -V v v " Volume

- Specific - = = Rating
Oxidizer Fuel KR - Gravity Payload 'p Ref. "o Ref. f Ref. Factor

RP-1 © 2,6 .21 3700  .0.935 - 0.97 0.85 8.2

UDMH 2,5 1,19 6450  0.89  0.90 0.87 8.5

H,0, - B,He 1.9 0.805 2550 1,36 = 0.88 1,88 - 1.7
- | BH, 2.33 1,04 1860 1,11  1.00 1.20 6.0
CH, 7.95 . 1.13 X _— - - _—

Hybaline A5 1.0 0.98 2600 1.19 0.70- 1.66 3.6

Hb 7.3 043 == | o 0

MME 3.58 - 1.25 X  — -— - _—

RP-1 .  7.26 1.3 X - - - —

UDMH - 4.52  1.24 X - - - -

IRFNA '3539 3,5  1.17 300 1,02 1,08 0.96 7.4
Hybaline A5 0,8  0.97 1650 = 1.18 0.6 2.0 2.8

Hydyne 3,3 1.32 X -
H, 6,0 0.39- - o 0

MMH 2,6  1.28 X - - - _—

NE, 1.45 1?28 X -— - - —

RP-]. 4 . 8 1 . 35 x — — —— -

UDMH 3.1 1.26 X - - -— -—

57
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TABLE 12 . (Continued)

PAYLOAD AND RELATIVE VOLUMES

Bulk -V 'R v Volume -

| | - Specific > 2 F—— Rating
Oxidizer Fuel MR Gravity Payload p Ref. o Ref., f Ref. Factor
MDFNA . BHy- | 2.8 1,14 ° 300 - 1,04 1.02  1.09
DFTA 3.14 139 X - - - --
Hydyne = - 2.8 1.32 X - — - -
MM 2.4 1.3 X — . e e -
UDMH 2,93 1.28 X -- - e --
MON (75-25)  BH, 2,95 0,91 2100 125 110 1.42
B H 3.45 1.09 1000  1.07 117 0.95 6.4
CH, 5.15 1,02 X - - - -
Hybaline A5 2.3 1,09 1200  1.08 1,07  1.08
- E,  5.85 0.37 -~ ' 0
- MMH 2,22 1.17 100 1.03 1.08 0.96 7.1
- NHy 2.1 1,04 X -- - -- -
N H, 1.4 1.9 700 1,00  0.91 Ll 7.3
NE, UDME 2.1 118 500 1.0 1.04 097
RP-1 4.18 1.21 - X - - - —
UDMH 2,70 1.15 X [ — e-
MOXIE 24 B 8.2 1.39 2300 0.8l  1.19 0.44 7.9
CH, 7.2 1,23 2400 0,94 11 0.72 7.4
Hydrazoid P 2.71 1.45 4400  0.78  0.90 0.62 8.8
H, 11,2 0.58  -- o 0
MMH 3.7 1.38 3500  0.83 - 0.98 0.62 8.5
NH 4.82 1.32 3200  0.86  1.04 0.66 8.1
N,E, 3.3 1.43 2700  0.81  0.99 0.62 8.5
RP-1 3.99 1.86 600  0.89  0.99 0.68 8.3 ‘
58
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TABLE 12

- PAYLOAD AND RELATIVE VOLUMES

(Continued)

Bulk v v v ~ Volume
| - S Specific = 2 f——— Rating
Oxidizer “Fuel MR Gravity Payload 'p Ref. ° Ref, f Ref. Factor_
NFO, BgHg 3.5 1.8 2650  0.98  1.05 0.92 7.9
NpH, 1.4 1.27 1000 - 0.93  0.80 1,11 7.5
N0, NH, UDNE 2.0 1.1 1050  0.91  0.90  0.98 8.2
N0, B 2 1.4 1500 L0l 103 0.98 7.8
NE, B.A 6.7 1,57 2400~ 0.89  1.19  0.54 7.1
H, 13.3 0.62  --  1.68 1.4 250 O
N, 2.7 134 4300 - 0.83 96 0.66 8.5
UDMH 3.16 1.26 2800 0,91 1,02 0.79 8.1
N,F, BH, 8.0  1.28 6400 0.99 1.26  0.76 €.2
By 7.3 1.57 6000 0.79 1.4 0.46 7.6
i, 6.18 1.17 3000  0.97 1.8  0.85 6.9
C,Hg 5.02 1,24 2700 - 1,00 1,15  0.78 7.0
Hydyne 312 1.27 3300 © 0.90  1.04 0.76 8.0
B, 12,0 0.59 - 1.73 - - 115 2.70 0
MME 3.25 1.8 4200  0.88  1.04  0.68
N 4.00 1.23 4100  0.91  1.08 0.73 7.7
N 3.06 1.43 6000  0.75  0.929 = 0.59 = 8.6
N, UDME 3.3 1.3 4400  0.86  1.02  0.65
RP1 3.5 1.6 4100~ 0.93  1.10 0.72 7.5
UDME 3.1 1,22 3500  0.92  1.04 0.78 8.1
NE,  BEg 1.27 0.80 2300 137 110 .74 2.1
‘Hybaline A5 5.0 0.9 4600 1.18 1.66 0.56 3.6
59

CONEBENHAE



A DIVISION OF NORTH AMERICAN AVIATION. INC

~BONFIRENFAL.

TABLE 12 ' .(Conti;‘me‘d)

PAYLOAD AND RELATIVE VOLUMES |

Bulk

' Specific ;2 3 ;—9 ' ;‘ — ;I;:tﬁ; B
Oxidizer - Fuel . MR Gravity Payload p Ref o Ref, f Ref, Factor
¥,0, OB 2.85 0,90 1800 1.27 - 1.0 1.46 3.7
0 3.35 11 990 106 - 112 0.99 6.8
CH, 5.05 1.03 X -- . == - -
Aybaline A5 2,2 111 2100 1,06 ~ 0.9 1.14 6.7
' Bydrazoid P' 1.17 1.26 200,  0.96 _ 0.85 . 1.19
H, 5,75 037 -- : - 0
MMH 2,19 .21 X — - - —
NE, 2,00 0.99 X - = - -
NE, 1.3 L2249  0.98  0.84 0.9 8.2
NJ,UDME 2.0 121 Ref 1,00 - 1,00 1.00 8.0
RP1 4,08 1.26 X - - - -—
UDME . 2.6 1,18 X -— == - —
OF, B,H, 3.6 0.99 7700  1.02  0.94 1,11 7.2
L " BEg 4.0 1,19 7610  0.87  0.97 0.74 8.4
o8, 5.6  1.09 6600  0.97 1,04 0.85 * 7.8
C,E, 4.9 115 5500 0,92 1,02 0.74 8.0
Hydragoid P 1.36 1.31 5800  0.83  0.73 0.9 8.5
Hydyne 2,75 1.27 6000  .0.83 ° 0.90 0.72 8.7
E, 6.0 0.385 - . 2.4 0.96 4.30 0O
MMH 2,5 1.26 6650  0.85  0.88  0.77 8.7
NE, 2,3 1.1 4600 © 0.87  0.88  0.84 8.6
N8, 1.6 1.27 6250  0.85 0.78 0.92 8.6
N, UDME 2,14 1.25 6600  0.86  0.85 0.86 8.7
RP-1 3.8 1,285 6600  0.85  0.99 0.62 8.4
UDMH 2.7 1.22 6200 . 0,86 0,90 0,80 8.4 ‘

6
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TABLE 12 (Continued)

" PAYLOAD AND RELATIVE VOLUMES

Bulk

v

Volume

\
|
' ooy

v —7
: ._ : Specific .Vp : v0» vf . Rating
Oxidizer - “Fuel MR Gravity Payload 'p Ref. o Ref. 'f Ref. Factor
B, 6.0 1.47 6300  0.74  0.88  0.56 8.9
MMH © 3,0 1.47 4800 0.76 - 0.80 0.71 9.1
NH3 3.0 124 -- -— - -— .
NH, 2.0 1.47. -—- - - - -
RP-1 4.0 149 - —- — - - -
UDMH 3.8 1.4 - - - - -
0, 7_3236 2,15 0,75 3500 1.41 .22 1.70 8.0
B.H, 2.4 092 2200 1,22 1.23 . 1.18 . 8.4
cH, 3.35 0.82 450 1.39 1.39  1.40 8.0
CZHG 3.0 0.9 X — — - -
DETA 1.2 1,05 500 1.13 1,00 1.26
Hybal A5 1.4 0.93 3800 1,18 1,00  1.40° 8.5
Hydyne 1.7 1,62 1400  1.13  1.16  1.12 |
B, 4.0 0.28 - ' 0
MMH 1.45 1,02 2100 1.12 1.07 1.20 8.6
NH 1.33  0.87 X — - - -
N8, 0.9 1.07 2300 1.08 0.85 1.35 8.7
NB, UDMH  1.29 1,02 1900  1.12 1.01 1.24 8.6
RP-1 2.6  1.02 700 1.15 1.33  0.90 - 8.6
UDMH 1.67 0.97 1400  1.18  1.12 - 1.27.

61
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RELATIVE PROPELLANT VOLUME

The propellant volume is important from iwo aspects. First, the
general size or compactness of the entire propulsion system; and,
second, since the propellant is essentially being substituted into
an existing vehicle, any increases in propellant volume means some
system redesign. A propellant volume comparison factor was developed
based upon the propellant volume relative to the volume of the
existing propellant combination. o

Relative propellant volumes were determined based upon an equilvalent
Apollo propulsion system maneuver. The three Apollo propulsion
systems must perform the maneuvers listed in Table 1y . Propellant
requirements for the Service Module may bte estimated by combining

the two propulsion phases intc an effective velocity requirement.

This is described in Appendix B .

TABLE -1l

APOLLO PROPULSION SYSTEM MISSIONS

Propulsion Service LEM LEM

- System Module Decent Ascent
s | ay, |

Mission Velocity | 4460 4300 7750 6880

Increment, ft/sec | . ' : : _

Space Mission Type | Constant Constant Constant Constant

: Gross Wt. Payload Gross Wt. Payload

(90,000 (15,000 | o
pounds) pounds)

Relative tank volumes are determined by the following équations based
upon a constant gross weight vehicles .

¥y = ¥, li-en(-a/a1,)] = ¥, [£(1,)] o
v W, [£(1_)]#B-ref
Yo _ lples s (2)

Vp-ret Wp/PB)res B_(Is)]refﬂb

63
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|
R
Tp = Gy ) 2. (3)
Yo =.(MRME 7) -+ - . | (L)
v MR £ . 1 /af__ P f(I ) ' ' :
Vz-'ref = { M;e"' T ) .,0:9 [f(f:-y ]ref o (5)

Vo . ) ( MR ) (MR+1). loo-ref f(IS) . (6)
Vo—ref ..MR+1 . MR ‘ref Py '[sz]ref

As indicated in Table ll; , each propulsion system has a slightly
different velocity increment. A velocity increment of -7000. fps is
selected as a basis of evaluation. In Appendix C ,it is shown that.
the range of AV values in Tablell (from 7000 fps)' created less

than 2.0-percent variation from the value of relative volume calculated
with the selected 7000 fps. The constant gross weight assumption is
not precisely accurate but is sufficient for the comparison. .

The volume-rating factors, evaluated for each component propellant
of a combination, are presented in Table 12 along with the relative
volumes of the propellant combination, the oxidizer, and the fuel.

The ratings were established based upon a propellant tank redesign
study of the Apollo system (Appendix D ) and a consideration of the
volumes resulting from the various propellant combinations., The
volume-rating factor was obtained by combining the propellant relative
volume and the oxidizer or fuel relative volumes according to the
relationship of Fig. 6 . ' ‘

Figure 6 was established based on a study of Apollo vehicle propellant
volume limits (Appendix B ). For 1970, the lowest propellant volume
received the highest rating. A relative volume of 1.0 (equal to
present volume) degraded the volume-rating factor by the value of

1.0, Additional degradation occurred as volume increased, depending
upon the amount of redesign necessary. If an individual propellant
relative volume was greater than 1.9, the propellant combination was
eliminated from 1970 consideration since based on Appendix D

extensive structural redesign would be required. The hydrogen-fueled
propellant combinations were the only ones to exceed the propulsion
redesign volume limit. These propellants were considered in the 1975
category. The 1975 category has no structural redesign restrictions. : ‘

6l
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Therefore, the propellant volume was not considered in the propellant
rating.. Using the method described prev1ously, volume ratings were deter-
mined., These ratlngs are presented in Table 12 .

'PROPULSION—SYSTEM EXPERIENCE

The previous test and development experience with a propellant
combination serves to indicate the state of development of technology
associated with the propellant combination. Five categories of test .
and development experience were defined and served as a basis for the
establishment of factors used to compare the relative experience that
has been acquired with the different propellant combinations. These
five factors and the manner in which they ‘are "weighted" are listed
in Table 15 .,

' TABLE 15

PROPELLANT COMBINATION TEST EXPERIENCE

Type of Testing ' Total Rating

1. Propellant Property ’ 0
Determination

2. Ignition Testing | y

3. Research Thrust _ 1

Chamber Tests
4., Component Development
A. Thrust Chamber 2
B. Feed System; Subrating ‘ _ 4
1. Oxidizer 005' 1.0, 1.5' 2.0 )
2‘- Fllel 005’ 100' 1-5, 2.0

5. Engine System Development 2
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A1l of the propellants have had their basic physical properties
determined. This was, therefore, selected as the lowest level of
experience. The next step in developing the technology associated
with a propellant combination was ignition testing. Following this -
level of testing, the next was small research thrust chamber testing
to obtain information concerning performance, heat transfer, injector
design, ‘etc, ’ T '

Further experience with a propellant combination will be either from

a component or engine development program. The component development
catezory was separated into three areas: thrust chamber, oxidizer-
feed system, and fuel-feed system, The oxidizer- and fuel-feed
systens were considered separately since consideravle experience nay
have been gained in development programs using only one of the
propellants in the combination under consideration, Various levels

of feed-system development were considered. The ultimate in experience
was assumed- to occur when a complete engine-system development program
has been conducted with the propellant combination under consideration.

Liquid rocket-engine systems that have been developed are listed in
Table 16 along with their propellants, Looking at.the experience-
rating factor (Table 15), it can be seen that a rating summation

of ten occurs for propellant combinations for which engine systems
have been developeds At the other end of the scale {0} are the

‘propellants for which small research thrust chamber testing -

and component. development has occurred. The propellant-combination
test experience was summarized and the experience-comparison factor
evaluated, This information is presented in Table 17, ‘ :

PROPELLANT PHYSICAL STATE

This rating factor refers primarily to the physical state in which

the propellant is utilized and any difficulties in transferring pro-
pellants (i.e., from the storage tank to the combustion chamber)
because of this property. Liquid propellant-transfer methods are

well developed and solid propellants require no transfer of propellant,
However, for propellants which are used in the form of gels, slurrys,
or powders, there is a limited history in the development of methods
for transporting the propellant to a combustion zone, Because of this,
additional development effort would be necessary and the additional
transfer device (if one were necessary) would inherently decrease

reliability,.
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‘To account for the state-of-the-art variations between propellant

classes, a propellant combination was rated by its physical state

(i.e., solid, liquid, gel slurry, or powder). The rating method is indi-
cated in Table 18. This rating is arbitrary; however, it does indicate

a relative degree of difficulty associated with the transfer method.

Iio transfer is involved with the use of solid propellants; therefore,

" the system was not degraded because of their use. Liguid propellants

must be transferred; however, these transfer methods are well developed.
Use of a liquid propellant degrades the system by one. Slurrys and
gels represent a lower degree of transfer method development and were
degraded by three. Propellants transferred as powders were the

lowest and were degraded by five,

PROPULSION-SYSTEM SIMPLICITY

Items which affect the operational aspects of a space propulsion system
were.considered under the heading of a system simplicity factor.
Considered in this factor were (1) propellant combination hypergolicity,
(2) purge requirement, (3) hardware chilldown requirements, and (4 ‘
dual pressurization system requirement. Propellant selection affects
these items and contributes to the overall complexity of the propulsion
system. '

A propellant combinaticn that is hypergolic needs no ignition system
since the propellants ignite upon contact with one another. This
results in considerable propulsion system simplification which is
particularly important where a large number of starts are required.

‘Propellant combinations are designated as hypergolic when ignition

occurs within 5-10 milliseconds following contact. Where ignition

takes longer, there is danger of building up large amounts of propellant
in the combustion chamber resulting in an excessive pressure "spike",
These propellant combinations would be classified as non-hypergolic,

and some form of ignition device is required.

Most propulsion systems that are designed for restart require that
portions of the engine which are downstream of valves be purged of
propellant at cutoff. This prevents combustible mixtures of propellants
from occuring upstream of the injector which might ignite either
spontaneously or at restart. An additional requirement for purging
results because propellants that remain in the lines and manifolds

are subject to the temperature variations of the engine. Freezing

of the propellants could occur for the noncryogencis resulting in
possible engine failure. A third requirement for purging occurs if

the engine must provide a highly accurate or consistant cutoff impulse,
In this case, one of the propellants (usually the oxidizer) would be
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purged to provide a consistant operating condition immediately after
cutoff. Based upon these concepts, a system of determining the
requirerments for a purge was established and listed below. A purge
system using some inert gas obviously adds to the complexity of the
overall engine system. :

TABLE 19

'REQUIREMENT FOR ENGINE SYSTEM PURGE

Propellant Property Purge Required
Oxidizer Fuel : ‘ Oxidi¢er Fuel
Cryogenic _ Noncryogenic ' . x
Noncryogenic Cryogenic ' ‘ 0x
Noncryogenic Noncryogenic x , x
Cryogenic Cryogenic b ¢

 Hypergolic : x ox

In Table 19 , it was assumed that a consistant cutoff impulse was
required. The noncryogenic propellants were arbitrarily assumed to
be those with freezing points above -60F. Propellants with freezing
points above this temperature may freeze if the engine becomes cold.

There is also the possibility that the engine could be oriented during
coasting so that the hardware is relatively warm. In this case, a
cryogenic propellant might be heated during the start process to the
point that a phase change occured. This may result in undesirable
start characteristics. To prevent this, a chilldown procedure
precedes opening of the main propellant valves. A small amount of
propellant flows through the system until the hardware is cooled to
the desired temperature, then the main start sequence is initiated.

If either of the propellants in a combination has a normal boiling
point below -60F, a chilldown was assumed to occur prior to start. The
use of a chilldown system adds to the complexity of the engine system.
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~ items in making the rating is indicated.

In most propellant combinations, where an inert gas such as helium is
used for pressurization, both propellants of the combination can use

the same pressurization system.  In the case of hydrogen, however,

helium is apparently not desirable because of the solubility of helium

in hydrogen. Therefore, propellant combinations using hydrogen will -
require a dual pressurization system. Generally, gaseous hydrogen .-

will be used to pressurize the hydrogen tank and helium will be used

for the oxidizer. This dual system results in additional system complexity.

The system-simplicity factor was established based upon the above
jtems. In the table below, the weighting factor attached to the

Iten | | ~ " Rating -

1. Hypergolic

3. Chilldown Required
Ao Yes o S 0
B. No o ' 3 ' 2
4. Pressurization
A, Dual System : | _ 0 ' '.

B. Single Sysfem . 3
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Considering the physical and operational properties of the various
propellant combinations, the system simplicity comparison factors

were evaluated. The physical property information is contained in
Table & . The system simplicity factors are listed in Table 21 .

PROPULSION-SYSTEM SENSITIVITY

Variations in the propulsion system steady-state performance'(thrust,
mixture ratio, etc.) may occur because of variations in the system
operating conditions. Propulsion system calibration occurs at |
given, nominal operating conditions and deviations from this nominal
will affect the performance. The operating condition deviations .

can occur in the thrust chamber and feed system tolerance, pressure
regulator tolerance, and propellant density variation. The propellant
combination selected affects this sensitivity only through propellant
density variation. ‘ .

A propulsion-system sensitivity factor was used to indicate the relative

variations in propulsion system operation caused by the variation of

density with temperature. Large variations in density may lead to .
large ullage requirements or to the need for a mixture ratio control ' .
device. The slope of the density-vs-temperature curve was obtained .
for each propellant at either the normal boiling point for the cryogenic
propellants or 70F for the noncryogenic propellants. The larger

value of the two "partials" for a propellant combination was used as

a basis of rating the propellant combinations on a "one" to "ten"

scale. This rating is given in Fig. 7 « The actual density partials

and the resulting ratings are given in Table 22 .

PROPELLANT THERMAL STORAGE IN SPACE

The Apollo mission covers an extended period of time in which the
vehicle is exposed to the space environment of the earth-moon system.
Therefore, thermal storage is one of the criteria affecting selection
of propellant combinations for application in an advanced Apollo.

During the several days of the mission propellants for the three

propulsion systems must be thermally protected to prevent: (1) an

excessive rise in tank pressure, (2) a propellant from freezing,

(3) a large loss of propellant from boiloff. Attitude control of

the vehicle can provide some protection during the mission. Insula-

tion of propellant tanks provides the additional protection to

prevent a propellant from undergoing a bulk temperature change greater

than a predetermined allowable range. Protection by attitude control

was an invariant between propellant combinations. Therefore, only

insulation weight variations between propellant combinations were : ‘

80

-

FORM 608-B.1 (LEDGER) REV.1-38




A DIVISION OF NORTH AMERICAN AVIATION. INC

ROCKETDYNE

.mmmm E

9 L ®ox 8 - oy - euApAy
¥ L . 9rq 8 G o EHAN
2 L sax 0 8 g °x FH
y L sox I¢:8 8 g o 06-05
¥ L sey, fan 8 g oN ey %o
.9 L sa) sukpAR 9 L o} d7ZH
9 L eeg HA@n 9 L sox ¢-v
9 ) sex FHH 9 L sex |-au
9 L 89X 06-0S b ‘2 sax °y
9 L saf ey Ea10 9 L sax bySq
8 g ox dzH # L. sex 9x°q
8 s on =¥ 2 L sex e
8 B oN |~ v L sox 1o
9 2 oN °p b L sex “an
8 4 oN bySq 9 L sex - eudpdy
9 - oN 0 9 L so5 HHan
¥ s oy 5% 9 L sex W
‘9 g oy Yo 9 L sax 05-06
9 .6 . ON “ax % 9 L sex K S
Juryey : MQmemn o1T0232dAY Tong JezZIPTX0 | Jurssy m:ﬂuam ot1t1o3aadLy

efex0olg L3 ToTTdWIg
youne] waysfg

e3vao1g A£3710TTdWTS
youms wag sLg

Tong JeZTPTXQ

81

- SYOLOVE INILVY EDVHOLS HONAVT ANV ALIDITIWIS WALSAS

[YARRCY AN

[ )

a




ol S ON i-dg R S oN HWan
°y o] 'S oN HWH
o1 S on ®r%a ol g oN 0406
8 S on . g | ot S oN B:3 oK
9 G oN & 9 L sex dzH
8 9 o  'm | 9 L sex G-V
g L sy . fmy 9 L sox  i-aW
iF | ousphy. n
7 : ot L s8x . Hudn _ Oy5g
Y w ol L sox HWH i
1 oS S S N S
T m Ol . . L | sax 3 HN - 0N 14 L 88} 4 mmo N
i m oL 3 oN dzH 14 L sax AN @
K m o)1 G. - ON G-y 9 L s3] oﬁh@hm
C L ol -6 ON | —..ME 9 L 838], HHan
0 w 8 4 oN ; mm. 9 9 s8x  HWH
y: o1 6 oN - VHd 9 L sox 05-0
‘ 8 S oN 9%°g 9 L sox "By v duog
9 S o %% 9 L sox dZH
8 S oy g0 9 L sax v 3
8 e on . ‘my 9 L 5o, L-ad :
- ol S oN  eukphy ®o°r ¥ v s9% °y £ato F
Butyey Sutiey o1T103x0dfg Tong J9ZTIPIXO | Suygzey duryey OTT03x0dLy 1eng JI9ZTPTX(Q m
8dexolg Lyrorrdutg - , 88v103g AL37otrTdutyg 8
youney - megshg youneq waysfg g
, z
("IN0D) S TIAVY \ :




| %y oufphy
9 g oy % 9 L 8oy HHan
v G oN 28 9 L sex HHH
2 G ox : 8 9 L gox 06-06
v 4 on  'mo 9 L sex ¥y xoum
2 4 oy Sax 9. L sag VA
E. g _ , | eulpiy 9 L s9f m._.d
N.m 9 | G oy - Hawan 9 G oN Tmm
v.“ 9 g on HIH 2 K] oN ; mm
A: 9 G oN ow..mm o 9 L sex ommm
» m 9 G | ox mmmz 4&wxmz _ ¥ L sox mmmm .
W : o] L .ON Ed JHON ¥ S oN H'D ©
g .m _ 9 L sox dzx 2 G oN Mmo
0 9 L . 89} G-y 2 L sox HN
om 9 L sax i~y - oukpAH
g s v o ox . .Mm 9 L sox HHan
‘ 9 L -88% Hd 9 ‘L g9} HWNH
oy L sex :et: 9 L sax 06-06
z "L sox %o ¥ L sox Yrx %20
¥ L sejx "m9 Fva:t
v L soy “an X014 ol 6. soy v Yo%y
w:..ﬂwm _ _ Sutrayvy oﬂowywo‘hm _ . 1903 - IOZTPTXO .ma..Smm Surqywy orTo8xedAH ‘Teng JOZTPIXQ
agsxogg £AyyorTduwig: _ | 8gexoyg £371071dUTS
youns - way.s£g youmaery weys£g
(*IN0D)1Z WYL
< Ve

i mm e meu KA



ROCKETIDYMNE

A DIVISION OF NORTH AMERICAN AVIATION. INC

¥ 9 on 9x°g 9 4 oN N
2 S oN %us 9 g ox 0605
¥ G - ON ¢wo | vmmz sz
y ’ on “my 9 L 8% s
. euflpiy 9 L say G-V
9 X4 oN . HW@N 9 s oN Rt
9 < ox HW y 2 oN °y
9 S ON . 06-06 9 3 ox byq
v g oN el “an ¥ S o Ixq
9 S o a7 2 4 oN %%
9 S oN | G-y y S ox 5o @
9 S o |~ag b L sog “ax
¥ 2 ON g oufpAy
9 g oN 6ptg 9 L sax HWAL
¥ S oy Iuq 9 L sex HWH .
%1% 9 L sex 0506
y g ox [t 9 L sox g HOW
¥ G oN “in 9 g oN dzZH
sufpfy 9 S ON e
9 - - oy HHan ¢mmz 9 g oy }=dd V2 HIXOW
Sutyey - - Buryey oTT0fI0dAY Tong JezTPTXQ| Juryey Suyyey ovr03z2dLy Teng J8ZTIPTXQ
a8rvi03g fatotrirdutg , afevxo3g Ly tvorTdutg
youne] wazsfg younerg wagy sLg

(*INOD) 12 FTEVL

FORM 608-B-1 (LEDGER) REV. 1-58




ROCKETDYNE

A DIVISION OF NORTH AMERICAN AVIATION, INC

9 G oN dZH
9 g OoN a-v
9 4 ON b=dyq
14 Z oN : Nm
9 g ON mmmm n,,mz
waﬁmm. Mcav..mm 9110818d4LR 1oy v _.uosﬂuﬂuo
8383038 Lyror1dUtg
youns ueysfg

(*INOD) 12 HEIEVI

85




ROCKETIDYNE

A DIVISION OF NORTH AMfﬂlCAN AVIATION, INC,

10
N
8 \; '
N
N\
\\\
N
) N
s AN
2 N
= )
4 ' \\\
N\
N
N
2
N\
\Xp
° 0.2 0.4 0.6 0.8 1.0

~-

Percent Change in Density per Unit Change in Temperature

Fig. 7 System Sensitivity Rating Factor

86




o | ROCKETDYNE

’ A DIVISION OF NORTH AMERICAN AVIATION. INC N

) | | o TABLE 22

SYSTEM SENSITIVITY COMPARISON FACTOR

Density - Temperature,

Propell&nf : gnfec F i Percent A ,o/A T Rai'::"_l.ng.'
P, ©509 -307.0 0 -0.262 7.7
OF, . 1.52 -229.0 | -0.234 8.1
BrF, 2.478 700 . -0.0787 - 9.7
ciFy 1.85 53.2 ~0.0865 : 9.6
Comp. & 1.899 6.8 ~0.085 o 9.6
NFy 1.55 -201.0  -0.201 8.4
NF, 1.66 - 99.4 . -0.16 8.9
FCl0, 1,695  -523 . =-0.1091 9.4
MOXIE 2A 1.64 - 60.0 . =0.14 _ - 9.0
0,/F,(10/90) 1.232  ~300.0 | -0.24 1.9
02 . 1,14 -297.0 -0.2632 T.7
1,0,{(98) 1.435 70.0 ~0.0453 10.0
N,0, | 1.443 70.0 .  -0.0832 9.7
HNO, 152 70,0  -0.049 ~10.0
- MON © 1,381 68.0 -0.087 " 9.6
MDFNA  1.63  70.0 ~0.072 9.5
RP-1 0.7965 700  -0.0502 . 10.0
cH, 0.426  -259.0 ~ . -0.1883 8.5
CH, 0,547 -121.5 -0.1157 9.4
N H, 1,011 70.0 - -0.0460 10,0
MME | 0.875 = . 70.0 . =0.05T9 10.0
N, ©0.677 - 200 -0.0997 9.5
UDME 0.79 70.0 -0.0696 9.8
87
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TABLE 22 (CONT.)

Density Temperature,

Propellant gn/ce F Percentl%p/l&T‘ Rating
Hydyne ‘ 0.08575 70.0 - -0.0641 © 9.9
50-50 0.9 70.0 0,055 9.9
Hydrazoid P 1.095 " 77.0 -0.05 10.0
B, Hg 0.438 -135.0 -0.18 . 8.6

g :: 0.626 70.0 -0.0759 9.7
Hybaline AS 0.736 - 68,0 - A -
;i 0.0715  -423.0 . -1.0 o

2

investigated. This weight was used as a rating factor of the pro-
pellant combinations. It was merely indicative of the relative degree
of difficulty in thermal storage between various propellent combinations.

A factor indicative of the relative amount of insulation was developed
based on the following assumptions:

1. Constant reference temperature at outer boundary of insulation '
2. Spherical tanks
3. Nonvented storage

4. Maximum propellant bulk temperatureAcorresponding to a vapor
pressure of 50 psia

5. Minimum propellant bulk temperature equal to freezing point.

88
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Based on these assumptions,equations were developed~f0r the mlative
amount of insulation for the fuel and oxidizer tanks (Appendix E ).

- ] 2/3

(1) N - 1)'
(c.), (t,-1,) S

(75-T,)

(2)

| .{cs)f (t,-Tp)

Equations (1) and (2 ) are the criteria for the evaluation and com-
., barison of various propellant combinations. The calculated values

are proportional to the weight of insulating material that would be

required for a mission. A small va tes an easily-stored

'1‘ ~ o
propellant while a large value indi the propeliant is
more difficult o store. -

o
<

An insulation factor was determined by summing the values for the fuel -
and oxidizer. The factor was based on the physical properties of the
propellants, -a velocity increment of 7000 fps, and the specific
impulses and mixture ratios listed in Table 10 . The reference (or
heat source) temperature was assumed to be in the range of -65F to

165F since the propellant tanks of the Apollo are surrounded by
auxiliary electronic ecuipment which is generally maintained at
temperatures in this region. In the calculation of the relative
insulation vweight, the reference temperature was selected to give

the largest heat flow estimate.

A rating from one to ten was determined using Fig. 8 . This curve
was established from a consideration of the range of values thatwas
obtained from the different propellants. The relative insulation
factor for the propellant combinations is presented in Table 23 ,
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TABIE 23

PROPELLANT INSULATION FACTOR

Oxidizer Fuel System
Cxidizer Fuel : 1 Insulation Insulation Insulation
Fac‘to_r Factor Factor
ClF3 ' B2H6 . . 2.02 11.6 13.62
3539_ _ 2,08 1.43 3f51
Hybaline A-5 2.02 1.1 3.16
Hydrazoid-P | 1.87 | 0.77 2.6l
H2 2.02 | 360.4 362.42
YMH 1.90 0.92 2.82
NQHL UDMH 2.02 2.3 Li.Li5
UDMH 1.96 1.31 3.27
011-‘S Bzﬂg 3.19 11.5 14.69
Hybal A5 3.09 1.11 L.20
Hydrazoid-P 2.85 | 0.75 3.60°
MMH 2.95 0.91 3.86
NH3 3.09 2.77 5.86
NZHLv 2.99 2.85 5.8l
Nzﬂh UDMH 2.95 2.35 5.30
91
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TABLE 23 (CONT.)

FORM 608-8.1 (LEDGER) REV. 1-58

—~BNEDENTH

Oxidizer Fuel | System =
Oxidizer Fuel Insulation | Insulation | Insulation

' Factor Factor Factor

ClO3F' _ \BZHé : . 6,06 1kL.6 20.§6
) H 6-2 10 2 09

B5 9 | 3 - L.72 _ 7 S
, 6.23 L3k.3 - Lh0.53

MMH 6.1 0.98 7,12
FLOX 30-70 B2H6 1 24,27 v L. 38.67
BgHg 24,73 1.76 26.L9
H, 2L.27 1,55.8 1,80.07
NH3 23.59 3.37 26.96
Nth 22.LL 3.45 4 | 25.89
RP-1 23.36 1.61 2L.97
90-10 CHh 20.68 19.26 39.94
CzHé 20.68 10.25 30.93
MMH 19.51 0.89 20.40
Nth UDMH 19.51 2.35 21.86
UDMH 19.27 1,40 20.67
F, Bzﬁé 19.87 11.9 31.77
B5H9 19.39 2.78 ?2.17
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TABLE 23 (CONT.)

- Oxidizer

~GOMNHBENHAE

S ' Fuel System
- Oxidizer Fuel Insulation | TInsulation Insulation
. : Factor Factor Facto; )
CH, 19.63 19.140 39.03
Czﬂé : | }9.63 10.15 29.78
I'b’draZOid-P 17-97 . 0.77 1807h
Hydyne 18.92 1.15 20,07
H2 19.39 381.9 L01.29
NH, 19,16 2.77 21.93
: NZHﬂ 18.L5 2.79 21.24
N2Hh UDMH 18,68 2.39 21.07
UDMH 19.36 1.33 © 20.L9
-H292 Bzﬂév '6,h3 16.0 22.143
]3539 666 1.93 8.59
Hybal AS 5.97 1,62 7.59
H 7.19 115.8 122,99
IRFNA B5H9 1.88 1.74 3.62
Hybal AS 1.56 1.73 _ 3.29 -
93
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TABLE 23 (CONT.)

o -Oxidizer Fuel System
Oxidizer - Fuel Insulation Insulation Insulation
) Factor Factor Factor.
- MDFNA _ BSH9 ' 346 1.85 5.31
MON Bzﬁs' 3.45 - 1h.6 18.08
“Hybal AS 3.53 1.39 L.92
, 2.2 L37.L 139,82
MMH 3.53 0.96 L.L9
NZHh 3.33 3.23 6.56
'N,ZH)4 UDMH 3.49 2.55 6.04
“CXIE 2A Bsﬁé L6l 1.33 5.97
CH) L.58 17.L9 22.07
Hydrazoid P L.23 0.71 hoSl
H2 L.51 357.3 361.81
MMH Ll 0.85 5.26
NHB L7 2.63 7.10
NZHh Le35 2.63 6.98
RP-1 L.52 1,52 6.0l
NF02 B5H9 5.0L 1.7h 6.78
Nth L.79 | 3,89 8.68
ok
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TABLE 23 (CONT.)

| Oxidizer Fuel System
Oxidizer Fuel * Insulation Insulation |  Insulation
) _ Factor Fac‘l;or rFactor
» . * 0 L ] [ ] '
NFB B5H9 2l 1; 1.L8 25.55
Nth 22,68 2.79 .25.L7
UDMH 23.25 1.27 2L.52
NF) B,H, '3.53A ;1.0 _ 1h.53
’ B .62 1. .0
A 3 L 5.03
CH - 3.57 18.23 - 21.80
C,H, 3.53 9.37 12.90
Hydyne .3 1,08 k.51
N |
MMH 3.13 0.86 L.29
NE, | 3.8 2,70 6.18
NoH) 3.39 2.69 | 6.08
RP-~1 3.48 1.57 5.05
 UDMH 3.3 1.26 k.69
Nzgh B5H9 3.51 2.16 5467
Hybal A5 .06 1.11 5.17
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TABLE 23 (CONT.)

Oxidizer Fuel System
Oxidizer | Fuel - Insulation Insulation Insulation
‘ ‘Factor Factor Fac_tor
N0, B,Hg ~2.80 U6 17.40
BHy B - 2.87 1.76 | h;63
Hybal AS , 2,77 1.39 - L.16"
‘Hydrazoid-P 2.58 . -0.82 3.0
i, | 2.§3i [ wods | Lb3.33
Nth ‘ 2.61 3.3h 5.95
oF, BH, a6 | 16 ©30.96
, 3539 17.58 1.62 19,20
cH, 18.23 18.38 36.61
CH, 17,79 9.27 | 27.06
Hydrazoid-P 16,06 0.82 16.88
Hydyme 17.1h | | 1.10 18.2&
i, 1 17,19 115.8 132,99
MMH 17.36 0.9 18.é7
NH, | 17.1k 3.09 ~20.23
Noh, 1649 | 3.07 ol 9.
N.H ~ UDMH 16.93 2.55 19.L8
RP-1 18.01 1.19 19.50
UDMH 17.1L 3.13 20.27
l 96 .
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TABLE 23 (CONT.)

System

: Oxidizer Fuel .
Oxidizer Fuel Insulation Insulation Insulation
' Factor Factor 1 Factor
ONFy .BSH9 _ LSk 1.h7 6.01
MMH L.33 0.88 G.21
NH, LSk 3.02 7.61
NZ_.h h.26 3007 7‘33 -
RP-1 L.62 1.57 6.19
UDMH Li.5h 1.24 5.78
02. Bzﬁé 26,22 15.8 u1972
BS'H9 26.89 1_.89 28.78
CHh | 28.02 21. 16 ' useLg
Hybal AS 2} .86 1.50 26.36
Hydyne 25,99 1.22 1.2
H, 26,58 L71.2 | k97.78
- MMH 25,31 - 1.04 26,35
Nth | 23,73 3.45 27.18
UDMH 25.99 1.9 27.48
97
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Subsecripts
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TABLE 2l
SPACE STORAGE ANALYSIS
NOMENCLATURE

Heat Capacity

Initial Bulk Temperature
Final Bulk Temperature
Time of Propellént_Storage
Tank Surface Area

_ Surface Area of Conductive Path>

Coefficient of Thermal Conductivity
Conductive Path Length

Weight . .
Proportion of Propellant that is Boiled Off
Specific Heat Capacity | -
Heat of Vaporization f

Density

Mission Ideal Velocity Increment

Gravitational Constant

Weight Mixture Ratio

Oxidizer

Fuel

Reference Environment
Insulating Material
Support Structure

98
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"

PROPELLANT TOXICITY

-Propellant toxicity can affect mahy aspeete of the development and
“use of a propulsion system. During development, propellant transport

and handling, propulsion system leakage and disposal of exhaust
products during testing, all necessitate a different engineering
approach for toxiec propellants. In the launch operation, the areas-
of propellant loading, propellant storage, and the possibility of
low altltude abort create problems with oxlc propellants,

In the rocket industry, there is considerable experience with the -
testing, development, and launch of toxic propellants, Although the
handling and usage of toxic propellants is not a serious problem, the
technology is well developed. Propellant toxicity difficulties occur.
largely in areas where there is little control of propellants, pri-
mﬁl‘lly when a 1arn-n amount of nrnnpllant is soilled on the launch

pad or there is a low altitude abort. In these cases, propellant
vapor could drift downwind for considerable distances, perhaps even
reaching densely inhabited areas, :

This situation was analyzed using a greatly Sl”Dllfied model descrlbed
in Reference 1 . An instantaneous mass of propella
considered and the downwind distance, at which a haz
of propellant could cccur was estimated. Propellant
given in terms of a maximum allowable concentration (MAC
extended exposure time (8 hours/day, 40 nours/week) From the MAC,
(usually given in parts per million {PPH) on a volume basis) the
concentration (gm/m ) was determined assuming standard temperature -and
pressure. For short term exposure, an allowable concentration ten
times the MAC was assumed as indicated in Reference o« A ten-minute
exposure time was assumed based upon the ten-minute containment time
estimated in the reference. Thus, a maximum allowable dosage was
estimated, ' ’

Sus ien
tici_, is usually

The dispersion of the propellants depends upon the climatological
conditions. An average wind velocity of 10 mph was assumed as typical
of the AMR, and guided by the reference, a lapse temperature gradient
of -13 degreesF was assumed. A propellant source strength of 25,000
pounds (approxlmately 50 percent of the propel‘ant in the Apollos was
assumed,

99
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With the numerous assumptions indicated above, Reference 1 can be

used to estimate the downwind hazard distance as a function of the l
propellant under consideration. Based upon this downwind distance,

ratings were assigned. These are indicated in Fig. 9 . In establishing .
the rating, an AMR location was assumed with the wind blowing from the

ocean. It was estimated that there would be no personnel within '

0.25 miles. Facilities might be encountered at a distance of 2.0 miles.

At a distance of 5-6 miles, "civilian" populations might be exposed; o
while at a distance greater than 10 miles, densely populated areas ' ‘
might be exposed. With these assumptions in mind, the ratings were

assigned. : '

Using the rating scheme, the toxicity rating factors were assigned to
the propellants. For a propellant combination, the lowest rating

of the component propellants was used. The MAC values used and the
resulting toxicity ratings are given in Tgble»ZS . '

PROPELLANT LOGISTICS

The logistics of a propellant provide an indication of .the ease in
which a propulsion-gyster development program can be conducted using
that propellant. The logistics of a propellant ordinarily consider
both the production capacity and the cost. However, studies (Ref, 2 )
have indicated that propellant cost has little effect upon propellant
selection for a space vehicle. Therefore, a rating factor comparing
the logistics of the propellants was developed based upon current
propellant production rates. f : :

The rating factor was developed for an individual propellant. The
rating for a propellant combination (or mixture) was the worst rating
of its component propellant ratings. The propellant production rate
was divided into various categories which were rated on a 0 to 10
scale. These are described in Table 26 . ‘

From a consideration of the thrust levels of the Apollo propulsion
system, a production rate over 100,000 pounds/month was considered

not to inhibit a development program. In the case of some propellants,
an "unlimited" production capability exists, however, there may be
either very large commitments or the production facilities are not
currently in use. The case of unrestricted production rates greater
than 100,000 pounds/month was given a rating of ten. The restricted
cases were given lesser ratings. Lower production capacities were
ranked lower in the rating system. Any production capacity less than
10 pounds/month was considered a research quantity. Where the propellant
had merely been synthesized, an abrupt decrease in the rating was
assigned for a zero rating.

100
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TABLE 25
PROPELLANT TOXICITY COMPARISON FACTOR ' v ‘
Propellant MAC (PPM) Comparison
‘ : Factor
2. OF, 0.005 | 0
3. NF2 ‘ 100 10
' - ~ 5% 8
4. N2F4 | 5 ’ .
5. N204 . 5. _
6. ¥ON : 5 8
: 7. Comp A - ~001** 6
8. BrF5 ’ ' 3 8
9. ClF3 ' ‘ 0.1 6
10.IFC1O4 : . -5 8
11.‘H202* : 1.0 T
12. 02 B adanad 10
13. MOXIE . ~5*% 8
14. RP-1 ' 500 10
15. CH4 ‘ 90,000 10
16. CZHG | | 50,000 10
17. B, | | _— 10
18, 3236 - 0.1 4
19, Bsﬂg - 0,005 0
20, Hybaline (A-5) ~500%% 10
21. UDMH 0.5 7
22, NZE4 . 1.0 T
"23. MMH 1.0 7
24. Hydyne : 1.0 7
25.-NH3 , 100 9
-6 3
26, Be, BeH2 2x 10 gms/m » 0
6 b hdd g
27. Al 50 x 10° particles/m 10
28, Li, LiE 25 x 10°° gn/m’ | 0
* Nontoxic, Irritant

*% Estimates
*¥% 50 Micron Particles Assumed

102
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TM%E26

PROPELLANT LOGISTICS RATIYG FACTOR
‘Production Capacity ‘ : , o
.Category : ' Rating
1. Greater than 100,000 pounds/month: ' 10

) Unrestricted :
‘2. Greater than 100 000 pounds/honth' C 9
Large Commitments '

3. Greater than 100,000 pounds/months | 8
' Upon Demand .

4; Greater than>10,000 pounds/ﬁdnth
‘5. Greater than 1,000 nounds/month
6. Greater than 100 pounds/month

7. Greater than 107pounds/month'

8. Research Quantity

O W A~ UM N =2

9. Synthesis Oniy'
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Based upon the firing time required during the three year development
of the LEM descent propulsion system, average: total propellant require-
ments were estimated. These are listed in Table 27 .
TABLE 27 -
'ESTIMATED AVERAGE TOTAL PROPELLAHT‘REQUiREMENTS FOR
APOLLO PROPULSION SYSTEM DEVELOPMENT

Total Operation Time, seconds = 82,000
Development Period, years = 3 .

Module ' Thrust, Total Propellant Requirement
‘ pounds pounds/month

Service 22,500 . 165,000

Descent 10,500 ~ 77,000

Ascent 4,000 ' | . - 29,300

The total propeilant required includes both propellants: oxidiger
and fuel. Individual requirements depend uponvmixture ratia,.

The current and future propellant availability and the propellant-
 logistics factor rating are given in Table 28 . The comparison
factor was based upon the current availability. '

THRUST CHAMBER COOLING

The high temperature associated with the combustion process of the
liquid-propellant rocket engine is a major consideration in thrust
chamber design. The purpose of this was to evaluate the relative
thrust chamber cooling capabilities of the various propellants.

There are various methods of protecting the motor walls against the
high temperatures. Among the more commonly considered cooling schemes
are: ablative liners, regenerative cooling, film or transpiration
cooling, and radiation cooling. The applicability of any one of the
cooling techniques is strongly dependent on the propellant combination
to be used.

10l
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T T L gy |

TRBIE 28

- PROPELLANT LOGISTICS

Sropellant Aveilsbility

Logistics

SRUFDENTA

Propelian‘b ;

S (Approximate) Rating
Current , Futﬁre -
1. >02 ﬁnlimited unlinmited 10

2. F, 100,000 pounds/ probably unlimitéd 10

< : month : . -

3.V OF2 - 1,000 pounds/ unliﬁited* 6
o month ' : ‘
L. NF research. unlimiteds 3

3 quantity
5. NLF, resesrch  unlimited# 3
c = quantity :
6. N,0, 200 tons/day; - unlimiteq  ' 9 .
g large commit- :
ments .

7« MON 1 ton/day " unlimited 7

8. H202 : unlimited ‘ unlimited 10

9 ClE3 25vtqﬁﬁyear L unlimited 6

10. BrFS limited becauvse - : o

of smsll demand = probtably 3
' ' : unlimited# '

11.~=--F010h "research ~unlimited® . . "3
' quantity o '

12, Comp A 30 pou:ﬁs/ unlimiteds n

month ‘
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mAITE 28, UONT.

PETPILLANT IOGTSTICS

Propellent P-op21lant Lvailebility Logistics
(Approximate) Rating
Surrent Future
13, MOXIE Z0 pounds/ unlimited L
nonth
1. PP-1 unlimited unlimited 10
15. CH - uynlimited on unlimited 8
L denand=¢
6. C,  unlinited on - urlinited 8
6 derignds=¢
17. 523, 23,000 nounds/ unliniteds . 7
© nonth cn demand* '
18. B H 22,002 pounds/
> 9 month on demand** unlimited 7
19, ™ vnlimited; large  unlimited 9

comritments

20. NQHL' wlinited; Targe  unlimited 9
s cormitments

21. *°H 200,002 pounds/ unlimited 8
month on demand+=*

22, NH3 tnlimited wnlinrited 10

23. H2 unlinited unlimited 10

oh. Hvbalines 300 pounds/ urlimiteds 5
month
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- TABLE 28 , CONT..
PROPELT ANT LOGISTICS
Propeilant | Propellant Availability | o Logistics
‘ : ‘ (fporoximate) - : Rating
. . Current Future : -
| . . _ . . _
' 25. Al unlimited . - unlinmited ‘10
= 26, AH. 30 pounds/ unlimiteds Y
’ 3 month ' _ _
[ . 27. Pe ' 20,100,000 pounds/ °  claimed to be . 7
. o , ' month ' - unlimited '
_ ) 28. Eel, research quantity Based on Bes 3
' - #2-3 Year lLead Tine'Required' ' #% Production Very Small; "
I : : . : Facilities Exist
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Of the mentioned cooling schemes, regenerative and abletive cooling

are the most widely used techniques in propulsion systems currently

in production or development. Therefore, the relative comparisons

in this study will be based upon these two cooling techniques. A
simplified analytical factor for the relative compzrison of the case

of thrust chamber cooling was developed. The operating limitations

and properties of the various propellant combinations that are pertinent
to the particular cooling technigue are used as inputs in the evalua-
tion of this factor. ' S ‘

Regenerztive Cooling

Regenerative cooling is accomplished by flowing the coolant through .

the thrust chamber cooling jacket on its way from the propellant tank

to the injector. The performance penalty associated with this cooling
system is the additional tank pressure or turbopump weight and power -

required to overcome the cooling jacket pressure drop.

The criteria for adequate cooling is that the coolant must maintain
the thrust-chamber walls at temperatures below that at which failure
would occur. MNaterials commonly used for regenerative thrust .chamber
walls such as stainless steel, nickel or inconel have temperature
limitations in the region of 1500 F to 2000 F. Alternatively, the bulk
temperature of a liquid coolant may be limited by the saturation
temperature or by the decompostion temperature of the coaolant. Many
of the propellants that will be considered as the coolant have thermal
instatility characteristics such that their maximum temperature is
considerably below that of the thrust chamber wall material. 1In such
cases, the maximum allowable coolant temperature becomes the system
limitation. BExperimental data have been used in determining the
upper temperature limit for a number of liquid coolants.

In evaluating the relative ease with which a thrust chamber, using
certain propellant combinations, can be regeneratively cooled, three
basic system characteristics are considered in computing the final
regenerative cooling rating factor. These basic characteristics are:
the hea: flux incident on the thrust chamber wall, the heat capacity
of the coolant flow, and the cooling jacket pressure loss encountered
in providing adequate cooling capabilities to the thrust chamber '
design. In view of the extensive list of propellant combinations to
be evaluated, a simplified, parameter method was used. The pertinent . o
equations from a detailed analysis were employed and modified by ' ' |
eliminating the parameters that would equal or nearly equal for all

systems. The results of this simplified analysis was then used as a

relative comparison factor, : )
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The heat transfer rates to a nozzle wall are calculated by the following
equation .

V& =hg [T* - T "

where hg, the gas-szde convection heat-tranfer coefficlent for flow
through a convergent-divergent rocket nozzle is -obtained from the

~Bartz eguation.

: . 0.026 uO.ZC \ Pg 0.8 ’ D*- 0.1 A* 009 ’»

0.2 PO 5/ ER N

D c

A

A relafive value was obtained for the fllm eoefficiehf at the'throat'

%*
(A = 1) by assuming chamber pressure and chamber geometry equal for
a%l propellant combinations and eliminating these parameters from the
equatlon. The resulting relationshlp was? ,

Assumlng that the Prandtl number “P ) and thrust coe efficient (Cz) do

not vary greatly from one propellant combination to another, the ex-

_pression for the "relative film coefficient” can be further simplified

and substituted into the Newton rate equation to yield the relative
heat flux values: :

c o
. oo} -
Va» 1 0.8 [Tc_ ng]
8

where T, is the combustion temperature within the chamber and T, is

the gas side chamber-wall temperature. The gas-side wall temperature
was established as the lower of the wall temperature limitation of
1500F (corresponding to the recrystalization limit for stainless steel)
or the maximum coolant bulk-temperature limit. The temperature gradient
across the tube wall was considered negligible.

Regenerative coolants may also be evaluated on the asis of heat
capacity, density and temperature limits. These are the primary factors

governing the required coolant velocity and the subsequent pressure
drop at a given local heat flux. Either the coolant temperature

109
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limitations or the maximum tube wall temperature govern the total

amount of heat to be absorbed from inlet to exit of the coolant passage.
In most regenerative cooling designs, the fuel is selected as the
coolant. The fuels generally have better coolant properties than the
oxidizer; another reason is the potential hazard that exists in the
event of a tube failure with the oxidizer as the coolant. If the fuel
is used as the coolant, and a leak occurs, the fuel will cool the
damaged portion of the tube as it flows through the fracture. If }
the oxidizer were used as the coolant, the leak would result in further
damage to the chamber, caused by the heat generated in the reaction

of the oxidizer and fuel-rich combustion gases. There may be some
propellant combinations where the fuel has poor coolant properties

and the oxidizer becomes the better choice. Also, in the case of’
hybrid systems, the oxidizer offers the only possibility for a regenera-
tive cooling system. For this comparison, however, the fuel will be
considered as the coolant and the hybrid systems will be assumed

to be ablztively cooled.

The allowable total heat input to the thrust chamber is limited by

the capability of the coolant to carry that heat away. The coolant
capabilities are defined by the coolant flowrate, heat capacity, and
temperature limitations. The coolant heat-absorbtion capabilities can
best be represented by the following relationship. '

chP[TF - Ti]

W, = fuel flowrate

® __ _ _ __

T
i

«Q
il

Specific heat capacity of the fuel

Substituting for the fuel flowrate results in a more general equation.
. 1 . ’
Q/F = (THE)I (o, (s - 7,)]

(The specific impulse and mixture ratio values used in the comparison
are those corresponding to the maximum vacuum specific impulse at
1000 psi chamber pressure ‘)

The coolant bulk temperature at any point in the coolant passage is
simply the sum of the inlet bulk temperature (Ti) and the temperature
rise to that point. For this comparison, the initial temperature (Ti)
is assumed as the lower of either the normal boiling point of the
coolant or 7OF. The final temperature (Tp) was taken as the lower of
either the maximum allowable coolant bulk temperature or the material
temperature limit (1500F).

110
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Since the parameter (=) resulting from this equation is representative
~of the amount of heat Ehat can be absorbed by.the coolant gs it flows
.through the jacket, it is desirable to have as high a value as possible.
For the previously described factor (Q/A), representing the relative
heat flux incident on the chamber walls, it is desirable to have as

low a value as. possible. These two factors are related insofar as

the coolant capabilities of the coolant system must be compatible with
the incident heat flux resulting from s particular propellant system.,
This suggests the possibility of combining these two parameters into

' a single factor that can be used to rate the various propellant combina-
tions.. : ‘ , .

The quotient of the relative heat flux value and ‘the coolant heat
capacity (Q/A/Qp/F) offers a single parameter on which various pro-
pellant combinations can be rated relatively as to their regenerative-
cooling capabilities. - ’ : : -

Consideration of cooling-jacket pressure drop will also provide an
additional parameter for the comparison. The relative factors discussed
so far account for the heat flux produced by the combustion process '
and the absorbtion capabilities of the coolant. One more factor is
required to link these together. The heat absorbtion capabilities
defined by the factor (QT/F) are a measure of the total heat rate that
can be absorbed by a coclaent but no consideration is given to the heat
transfer capabilities between the tube wall and the coolant or to the
total expected heat-rejection rate from the combustion gases to the
motor wall. A principle parameter in determining the feasibility

of regenerative cooling is the cooling-jacket pressure drop. This
parameter provides a convenient relationship between the incident
heat flux and coolant transport properties. : '

An extremly simplified analytical technique was developed to provide
an additional relative comparison. This analysis is described in
Appendix F . The resulting relation for the pressure drop is

b4 205 : : . a .

/.

(qu.- 'I‘B)Cp

Pe

The Q/A value used in this equation for the comparison is the relative
value previously described and calculated subject to the various
simplifying assumptions. The coolant-side wall temperature'(Twc) was
estimated based upon experimental data for each individual coolant.
The coolant bulk temperature (TB) was taken as the arerage between the
coolant inlet temperature and its maximum allowable temperature. The

AP o
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. AP values obtained are again not intended as the actual expected
values but merely as a relative number on which the various coolants
can be compared.

A review of previous heat-transfer studies and experimental results
have indicated those certain limitations. and inherent characteristics
which are peculiar to the individual coolants and propellant combina-
tions; and where possible, this information was used in generating
these overall comparisons. It has been found for the RP-1 fueled
systems that a carbon layer deposits on the combustion chamber wall.
This layer increases the thermal resistance to heat transfer to the
wall. This feature is beneficial in reducing the.coolant flow require-
ments. However, if the wall temperature exceeds 80OF the carbon

layer was found not to exist thus, increasing the heat flux to the
coolant. In Ref. ( 3 ),heat transfer studies are mentioned that have
shown Bng to be a poor regenerative coolant since large solid deposits
aopear on the coolant side of the tube walls at high heat flux values.
The deposits will restrict the heat transfer between the tube wall and
the coolant. Experimental data have indicated that hydrazine used as

a coolant may d ecompose exothermally at a bulk temperature of approximately
300F depending on the pressure. These are typical of the experimental
data that served as inputs to the comparison. A detailed description
of the limiting criteria used for the numerous systems will not be
attempted because this would become an extensive list in itself. The
limiting values used in the calculations are presented along with the
results for each of the propellant calculations.

'.!I!_VA.;.. ..._AV....;'...;__;;;.;- ,.;;;;_

To facilitate the final regenerative cooling compzrisons for the large
number of propellant combinations to be compared, a rating scale was
established for the Q/A/Qp/F and AP values obtained. The rating
factors for these two parameters are presented in Table 29 .,
TABLE 29
PROPELLANT RATING FACTORS FOR REGENERATIVELY

COOLED SYSTEMS

AP Value Rating: A/ Qp/F Rating
Factor Value Factor
1 - 10 0 500 - 1000 0
0.1 - 1 1 100 - 500 1
0.001 - 0.01 3 20 - 50 3
0.0001 ~ 0,001 4 10 - 20 4
0.0000t1 - 0,0001 5 0~ 10 5
112
- ' N
\ b

FORM 608-B.1 (LEDGER) REV. 1-38




ROCKETIDY W E

A DIVISION OF NORTH AMERICAN AVIATION. INGC
a

“CONRISR ~

The sum of the rating factors for the two parameters then forms the
final overall regenerative cooling, propellant rating. This allows

the regenerative cooling rating for a particular propellant combination
to vary between zero and 10,

For most of the propellant combinations considered, the combustion
temperature at the throat and thespecific heat capacity of the pro-
ducts of combustion (based on a frozen performance assumptions) were
obtained from results of the propellant performance computer program.
These values were obtained for chamber pressures of 1000 psi md at the
weight mixture ratio for maximum specific impulse. For certain pro-
pellant combinations for which the computer results were not available
at the desired conditions, the required values were estimated based

on established trends. The estimated values are noted in the tables

of results.

Ablative Coolin

Thrust chamber cooling by ablation is accomplished by the heat absorbed
through melting, vaporization, and sublimation of an ablative material
which lines the chamber walls. The most common ablation materials
used in rocket thrust chambers are the reinforced plastics. These
materials consist of a resin base reinforced with a fibrous material.

Of the possible combinations of resins and fibers, phenelic resin
impregnated in nylon or Refrasil cloth exhibii the most desirable
characteristics for rocket-engine =pplications.

One phenomenon occurring with ablation materials is char-layer erosion
caused by chemical reaction of the char layer with the combustion gases
and also by the shearing forces of these high-velocity exhaust gases
and solid particles. The errosion process is primarily a function of
the combustion temperature and the constituents of the exhaust products.

The ablation process takes place through a complex mechanism and it is
extremely difficult to predict the behavior under varying conditions.
Limited test results have provided valuable information leading to
generalizations in certain areas. Eowever, to provide detailed
ablation material requirements for a particular propellant combination
and chamber conditions where data are not already available, a test
program would provide the best basis for verification of the design.

No attempt will be made to obtain values of ablative thickness require-
ments for a particular system. This comparison is intended merely

to indicate the wlative ease by which a propulsion system utilizing

the various propellant combinations can be ablatively cooled., Typical

13
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test results used in the generalized comparison are presented in.

Ref ( L ). The tests were conducted for a Refrasil-phenolic ablator
in the OZ/QP-1 and F2/H2 experimental rocket engines. Completely
different behavior occurred in the two tests. In the former test,

the Refrasil melted and a steady-state char layer developed after a v _
few seconds. In the latter ‘est, the silica apparently vaporized ' K \
because no melt could be detected. The reason for the difference can :
be briefly explained as follows: In the 02/RP-1 test, the carbonaceous
char layer was chemlcally attacked by the Hp0 vapor in the exhaust
gases, leaving the Refrasil exposed which subsequently melts and runs _ ,
off exposing more carbon. In the Fg/HZ test, the carbon was inert to . ) l
the propellant products of combustion. The silica however, melted

and vaporized but no char erosicn was experienced.

From these and similar results, the theory was held that any propellant o
combination that produced water vapor in the exhaust gases will have _ |
detrimental effects on the ablation process. This theory was used '
as one of the criteria in the ablative cooling relative ratings.
Solid particles in the e xhaust products were also found to have
damaging effects, because they impinged on the ablative liners.

The rating scale established for this cooling method,which reflects
combustion temperature and echaust-gas constituent effects, is
presented in Table 30 , and the follow1ng discussion.

TABLE 30
ABLATIVE COOLING COMPARATIVE PROPELLANT

RATING FACTORS

Combustion Temperature , Combustion Temperagure Relative
Range Deg F . , Rating Factor
3500-4500 . | 5 |
4500—5506 ‘ | 4
5500-6500 ' - 3
6500-7500 , - 2
7500-8500 L 1 S ;
114
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The corresponding rating factor is assigned according to the combus-
tion temperature of the individual propellant combination. The same
combustion temperatures were used as those in the regenerative cooling
ratings. If the exhaust gases do not contain water vapor, a value

of 3 is added to the temperature mting factor. If the exhaust prcducts
do not include solid particals, an additional value of 2 is added to

the overall rating factor. This results in possible ablative-cooling
comparative propellant-rating factors from 1 to 10, where a rating of

10 reflects the best possible conditions for the ablative cooling method.

The thrust chamber cooling analysis is summarized in Table 31 . For
the final selection of a propellant rating factor for the thrust
chamber cooling consideration, the rating value for each propellant
combination was selected on the basis of the best cooling method (the
highest rating factor value between the regenerative and ablative
cooling systems).

Detailed heat transfer studies have been conducted previous to this
effort for some of the more commonly considered propellants. The
results of these studies have been compared with this generalized
comparison and it was found that there is close agreement in the results
on a relative basis. However, there are many system variations pessible

that could improve the cooling capabilities of a particular propellant
combination. Although the final evaluation of the merits of a parti-

cular coolant must await a detailed design and heat transfer analysis,
some measure of comparison between propellants can be achieved from

the results obtained in this effort.
PROPELLANT STORAGE AT LAUNCH

In launching a space vehicle for missions like that of the Apollo,

it is possible that long times may be spent on the launch pad during
the countdown. During this countdown and any associated "hold times",
the propellant must be maintained in a useable condition. If the
propellants are noncryogenic "earth storables", this is no problem.
However, use of cryogenics may necessitate insulation schemes or the
use of venting, refrigeration and replenishing systems. These add
complexity to the launch operation.

A nominal launch ambient environment temperature of TOF is assumed.
Propellants which have a usable temperature range including the nominal
point will be considered to be inherently "storable on the launch

pad". Nontoxic propellants which have a usable range lower than the
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TABLE 31 1

o

THRUST CHAMBER COOLING
To Max. 1
Comb, Coolant | Wall
Temp. Temp. Temp.
Oxidizer| Fuel MR“| F T F Tug T A _ _‘}r/’ %
C1Fs Ag 5.0 | 7480 550 | 650 31.0 | 0.140 |221
B, Hg 7.0 | 7640 100 | 200 23,0 | 0.0505.455
CH, 3.0 | 6240 1500 [1500 | 18,5 | 0.109 | 169
Hydrazold-P | 2.0 | 6890 | 300 | 400 | 25,0 | 0,138 181
MMH | 2.7 | 6360 300 400 21.9 | 0,126 |174
NH3 | 3.8 | 5640 1500 11500 | 15.5 | 0.986 | 15
NH, | 26 | 6620 i 300 | 400 | 21.4 | 0.129 |165
| 50-50 g R.72 | 6502 500 600 | 21,2 | 0.225 | 94
By | N, (13 | 4552 | 300 | 400 | 352 | 088|187
ClF3 | 45 § 5.0 | 6952 | 550 | 650 | 30,0 | 0,148 | 203
BoHg % 7.0 | 7000 100 200 21,6 P=05ﬂ1-4ooj
. By | 6.7 | €182 200 | 300 | 27,0 | 0.0276 980;
CH,, 7.95 | 4802 1500 {1500 20.2 | 0.50 40{
MMH 2.7 | 5982 ! 300 ' 400 19,9 | 0.131 |152,
NoH, 2.9 | 5652 ; 300 400 18,5 ! 0.129 {143
50~50 2.9 | 6012 500 600 19.2 | 0.229 | 83
C105F B, Hg 3,0 | 6260 | 100 200 2504 | 04105 |242
Bg Hg 4.0 | 7582 ; 200 300 28.0 | 0.0407|688]
MMH Re24 | 6040 300 400 24.1 | 0,148 1634
NoH, 1.4 | 5782 300 400 | 23.9 | 0,208 1154
UDMH 2.7 | 5202 500 600 1704 | 04225 77:
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L

iANALYSIS
|
%
/A AP ¥ Ablative | Final
/F | aP Rating | Rating | Sum |Rating | Rating
.0 | 0.0113 2 1 3 5 5
.0 | 0.0227 2 1 3 4 4
.0 0.000228 4 1 5 8 8
L0 | 0.0131 2 1 3 2 3 |
b0 0.00933 | 3 1 4 8 8 ‘:
L7 | 0.000072 | 5 4 9 8 9 |
0 | o.00m 3 1 |4 7 7 i
12 0.00294 . 3 2 5 8 8 %
0 | 0,0242 2 1 3 7 7 |
0 0.0104 2 1 3 5 5 !
.0 | 0.00910 2 1 3 5 5 |
0 0.0710 2 0 2 4 4 ‘
4 0.000284 A 3 7 6 6 I
.0 | 0,00721 ; 3 1 4 8 8
0 | 0.00492 | 3 1 4 8 8 1
8 0.00259 3 2 5 8 8 1
0 0.0297 2 1 3 3 3
Lo 0.0772 2 0 2 1 1
0 0.0116 2 1 3 5 5
0 0.00876 3 1 4 5
14 0.00273 3 2 5 6 6
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Tc Max, 1

Comb. | Coolant| Wall j

Temp., | Temp. Temp.

Oxidizer{ Fuel an | F m ¥ Tug T VA Sy
FLOX (30-70)| B, Hg 2.9 | 6640 100 200 23.9 {0429
Bs Hg 3.2 | 750 | 200 | 300 | 25,0 |0.45

H, 4eh | 5030 | 1500 | 1500 | 19,3 (1,77

NH3 1.8 | 4220 | 1500 | 1500 | 1L.1 |1.62

| |

Np H, | 1.2 | 4760 300 400 | 1645 |02

I | |

| ; | | |
FLOX(90-10)|  CH, 4.7 7190 | 1500 | 1500 | 21,6 |0.63
| | f 1

| CyHg | 3.8 7280 | 1500 1500 | 21.6 [0.51

! ! i }

. MmH | 2.65! 6640 { 300 400 22,0 [0,14

| | | ! |

| UDe | 1.9 6380 | 500 | 600 | 24.8 [0.33

50-50 | 2.59) 7972 | 500 | 600 | 24.5 [0.19

| |

F, . ByBg | 5.6 7902 | 100 | 200 | 25.0 o.o%
i ! | |

B 4.6 8032 200 | 300 | 234 [0.05
B f %

CHy, | 445 | 6952 1 1500 | 1500 | 20.6 |0.78

| | | |

CoHg | 3.7| 6812 | 1500 | 1500 | 27.2 10.53

|

Hydrazoid-P| 1.85 7940 300 400 | 25.6 (0,12

Hy 8.0 | 6312 | 1500 | 1500 | 2445 |1.0L

;

MMH 2.48 6500 | 300 400 | 21.8 [0.11

NHy 3.3 | 7372 | 1500 | 1500 | 20.2 o.9q

|

|

|

|

|

i
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BLE 31
| COOLING ANALYSIS
&

y’ %% AP Rﬁiing Ralt':‘ing Sum ?e:ti:;“ :i::zllg
48 | 252.0 | 0.0254 2 1 2 3
9 | 545 | 0.0s80 | 2 2 4 2 4

10,9 | 0.0000992 | 5 4 9 6 9

6.85 | 0.0000314 | 5 5 10 5 10
8 | 79.2 | 0,00355 3 2 5 7 7 |

| | |

6 | 340 | 0.000188 | 4 3 7 4 7 |
| 422 1 0.000927 | 4 3 7 4 7 |
1| 13.7 i 0.00922 ' 3 4 7 4 7 '
5 | 740 | 000326 | 3 2 5 5 5 i
6 | 125,0 | 0.00478 E 3 1 4 3 4 ;
30 | 470.0 | 0.0285 2 1 3 4 4
52 | 423.0 | 0.106 1 1 2 4 4
3 | 26.3 | o.000875 | 4 3 7 7 7
t7 50.7 | 0.00136 ! 3 3 6 7 7
5 | 205.0 | 0.0139 2 1 3 3 3

24.2 | 0,000203 4 3 7 8 8
6 | 182.0 | 0,00897 3 1 4 7 7
7 | 22.3 | 0.00014 4 3 7 7 7

17




FORM R 18-G-18

TABLE 31

THRUST CHAMBER COOLING

To Max,

Comb. | Coolant | ¥all

Temp. | Temp. Temp.
Oxidizer| Muel MR | T T ¥ !"4? /A QT/T %;
FZ(Con't) N2 H4 2.3 7552 300 400 2406 0.122 | 202,
RP-1 2,6 | 6832 | 800 800 | 2644 | 04268 | 98,
UDMH 245 6342 500 600 21.2 0,202 | 105,
50-50 PAVA 7652 500 600 2.8 0,209 | 119,
Fo/BeHp MMH 3,35 | 8290 | 300 400 |27.9 | 0.2910] 306,
Hp 0o B, Hg 1.9 4072 100 200 26,0 0.134 | 194,
B5 H9 2.4 4862 200 300 28.0 0.104 | 269,
CH4 7495 4802 11500 1500 20.2 0.50 40,
NH3 2.89 4272 {1500 1500 177 1.34 12,
N, H4 2.17 4802 300 400 2644 0.164 | 161,
UDMH 345 4892 500 600 25.0 0,191 | 132
MON B5 H9 3445 6570 200 300 27.6 06477 578
MMH 2422 5462 300 400 22,8 0,147 | 155
50-50 2.1 5660 500 600 21,6 0,284 76
MOXIE Bg Hg 8,2 7820 200 300 27 .4 0.02E51 107
CH4 7.12 6610 (1500 1500 15.1 0.51¢€ 3
Hydrazoid-P| 2.71 7240 300 400 235 0,109 | <35
MMH 3.7 7140 300 400 2401 060954 | 253
NH3 4082 6850 1500 1500 19.3 0,785 24
N2 H4 33 6920 300 400 2402 0,112 | 216
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|
I
\NALYSIS
b AP % Ablative | Final
P AP Rating | Rating | Sum |Rating Rating
D 0.00954 3 1 4 6 6
D 0.,0129 2 2 4 7 1 7
D | 0.00442 3 1 4 8 8
g 0.00487 3 1 4 6 6
D 0.0168 2 1 3 4 4
P 0.0314 2 1 3 5 5
p 0.19 1 1 2 4 4
0,000284 4 3 7 6 7
0.0000980 5 4 9 7 9
0.0110 2 1 3 6 6 .
0.0205 2 1 3 6 6
0.C740 2 0 2 2 2
0,0102 2 1 3 6 6
0.00173 3 2 5 8 8
0 | 0.0735 2 0 2 4 4
0 | 0,000243 4 3 7 4 7
0,0128 2 1 3 3 3
0.,0116 2 1 3 4 4
) 0,000121 4 3 7 4 7
0400910 3 1 4 7 7
I
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THRUST CHAMBER ¢
T Max.

Comb., Coolant | Wwall

Temp. Temp. Temp.
Oxidizer| Fuel MR | F Tm P Tyg F /A “ST{!
NFO, By H, 3.5 | 7000 | 200 | 300 (25,0 |2.047
Ny Hy loh | 5640 2 300 E 400 115.4 10,208
NF3 | Bs Ho i 6.7 | 8182 | 200 3001 27.0 |9,027
H 13.3 | 6332 1500 1500 20,1 |2.75C
UDMH N, 3.6 | 6672 ; 560 600 . 248 |).1ES
% Ny Hy, 2.7 | 7182 ' 300 § 400 ; 2450 [.123
NIO | A= é 2.2 f 5980 - 550 650 273 12,271
U 275 5240 500 | 600 20,0 0,184
NpF, | BpHe 6.5 | 7182 | 100 i 200 | 27.6  0.05€
é BsHg | 7.3 i 8000 200 | 300 f 28,3 0,023
? CH, 6.18 | 6350 1500 1500 | 1g.8 04573
e Hg 5,02 é 5532 1500 1500 1544 20.452
i 12,0 | 5530 1500 1500 | 19.5 10.80C
o 3.5 | 5850 | 300 400 | 21.9 §O°103
o 4.0 | 5842 (1500 1500 | 17.4 .85
BUSH i 3,06 | 7475 | 300 | 400 | 25.0 [0.059
E RP-1 3.5 | 5710 ¢ 800 800 | 19.3 (0.213
o 3. | 5780 | 500 600 | 28,0 (0,187
. 50-50 % 3.3 | 7192 | 500 600 | 25,6 [0,182
N, 0, B, Hg ; 2.85 | €030 100 200 | 22,0 (0,109
Bs Hg  |3.35 | 6532 | 200 300|277  D.0g7
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POLING ANALYSIS

i

Ablative

AP Final
AP Rating | Rating | Sum |Rating | Rating
0.059 2 0 2 2 2
| 0,003 3 2 5 5 5
0.0710 2 0 2 4 4
0,000126 | 4 307 8 8
0.00672 | 3 1l 7 7
0.00897 ; 3 1 iy 7 7
0.00815 | 3 1 ! Lo o3 4
0.00340 ' 3 1 A ? 6 6
0,0358 2 1 i 3 4 4
0,079 2 S J 4 4
0,000232 4 3 7 18 8
0.000328 4 37 g 8
0.000106 4 3 7 g g
0.0092 3 1 E L . 8 8
0.000098 . 5 4 9 - 9
0.0480 f 2 1 i 3 7 7
0.00584, ; 3 2 s 8 8
0.0088 % 3 1 4 8 8
0.00531 ; 3 1 4 7 7
0.0206 2 1 3 3 3
0.185 | 1 1 2 2 2
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TABLE 31

THRUST CHAMBER COOLING

T Max,
Comb. Coolant | Wwall
Temp. | Temp. Temp.
Oxidizer| Fuel MR | F T F Tog T QA
N, 0, MH 2.19 | 5422 300 | 400 | 22.6
NH3 20 | - 1500 | 1500 3T
N, 1. | 5074 300 40 | 22.0
50-50 2,1 |5382 | 500 | 600 E 21.2
N,0,/BeH, | MH |1.03 | 5430 300 400 i 19.2
oF,, | By Hg 346 | Thd2 - 100 200 | 28.5
‘ Bg Hy |40 | 7852 | 200 300 | 25.8
§ Gy, 55.6 6962 | 1500 |1500 | 19.4
ECZH5B10H13 ;3.8 8540 | 400 | 500 | 22.7
! CoHg |49 | TI32 1500 1500 | 19.1
Hydrazo1d-P | 1,36 | 6790 é 300 400 | 25.2
g Hp 6.0 | 5632|1500 |1500 | 25.8
MME 52.5 6852 | 300 | 400 | 23.2
w23 | 5610 l 1500 1500 | 16.3
Yo, 1.6 |6ea2 | 300 | 400 | 23.8 |
P 3.8 7352 i 800 800 | 16.2
UDME (2.7 | 7532 { 500 600 | 25.2
50-50 2.4 | 7532 : 500 600 | 26.0
OFy/Be Np Hy,  |Le24 | 6740 300 400 26.8

373
43
29
274
4T
155
19
203
13
14€

13/
1)
14(C
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ANALYSIS
/A AP %% Ablative | Final
& AP Rating | Rating | Sum |Rating Rating
L0 | 0.0100 2 1 3 6 6
LY, | 0.00000212 5 5 10 7 10
0 { 0.00730 3 1 4 6 6
7 1 0,00294 3 2 5 6 6 ;
8 |0.0065 | 3 2 5 4 5
0 | 0.176 ! 1 2 2 2 |
0 % 0.156 i 1 1 2 1 2 i
7 | 0.000757 4 3 |7 4 7 |
0 ! 0.2 ! 1 2 1 2
0 | 0.,000557 § 4 3 7 4 7 |
o |0.0133 é 2 1 3 4 4 |
4 |o.00108 | 4 4 8 5 8 !
o !0.,0105 i 2 1 3 A A
1 | 0.0000822 s 4 9 5 9
0 | 0.0087 ! 3 1 4 5 5
6 | 0.,00472 3 2 5 3 5

0.00672 3 1 4 3 4

0,00545 3 1 4 3 4

0.0116 2 1 3 2 3

¢
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TABLfi

THRUST CHAMBER C(

T, Max. |
Comb., | Coolant| Wwall |
Temp. Temp., Temp. |
Oxidizer| Fuel MR | F Tm F T F| YA _ _°'r/1'
oNF; Bs Ho 6.0 | 8200 | 200 300 | 25.8 10,276
MVH 3.0 | 6970 | 300 1 400 | 24.2 |0,109
NH 3.0 | 5260 1500 §1soo ! 15.8 |1.19 %
Ny Hy, 2.0 | 5800 | 300 | 400 | 2044 0.155}
| RP-1 ? 4O | 5560 ; 800 % 800 5 21.4 0.2123
g UDMHE 3.8 5840 500 ! 600 : 25.7 [0.180
O | BpHg 2151 6372 100 | 200 | 35.0 |0.126
' B Hg 2.4 l 7192 ! 200 ! 300 ; 2.0 |0.102
@, 3.35i 5882 E15oo 11500 | 214 10.940
P : CyHg 3.0 : 6052 51500 51500 f 21.2 Eooeé,s%
| H o5 5612 1500 (1500 26,8 172
DN o, 05| 4912 300 400 22,0 fo°5213
’ RP-1 2,6 | 5842 { 800 ' 800 | 22.0 io.257§
S Le7| 532 | 500 600 | 23,9 |0.293

| 50-50 1 1.29| 5882 ' 500 600 | 25.4 io

|
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b3
JOLING ANALYSIS
|
gég
| gég AP F Ablative | Final
B F AP Rating | Rating | Sum |Rating Rating
{0 93.5 | 0.089 2 2 4 2 4
f 222,0 | 0,0116 2 1 3 4 4
13.2 | 0,000072 5 4 9 6 9
11310 0.006 3 1 b 5 5 |
101.0 0.0075 | 3 1 4 5 5 ;
143.0 0,00716 ; 3 1 A 5 5 i
|278.0 | 0.0653 g 2 1 '3 3 3 |
3140 . 0.276 1 y 2 2 2 E
22,8 : 0.000325 4 37 s 7 |
317 | 0.000732 | 4 3 7 5 7 |
15,5 ; 0.0000608 % 5 4 9 5 9 ;
42,2 ; 0.00712 § 3 3 6 6 6 i
85.5 | 0.0815 | =2 2 4 5 5 |
81,6 | 0.,00630 5 3 2 5 1 6 6
72,6 | 0,00519 | 3 2 5 | 5 5
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TABLE 32
THRUST CHAMBER COOLING

NOMENCLATURE

Heat flux

Gas side heat transfer coefficient
Combustion temperature

Dynamic viscosity

Specific heat capability of products of combustion
Chamber Pressure

Radius of curvature of nozzle throat
Area

Diameter

Characteristic velocity

Gas side wall temperature

Specific impulse

Propellant mixture ratio

Thrust

Coclant bulk temperature

Nusselt number

Prandtl number

Reynolds number

Specific heat capacity of the fuel
Coolant side wall temperature
Thermal Conductivity

Coolant side heat transfer coefficient
Coolant density

Coolant velocity
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nominal temperature and toxic propellants having a molecular weight

less than that of air can be vented and the propellant replenished.
"Toxic propellants, with high molecular weights having a usable range
-Jower than nominal, will need a closed refrigeration system. Using

this approach, the ratings below were assigned on the basis of a maximum
possible of ten. Solid propellant components were all assumed
.compatible with the launch environment and to be "storable".

TABLE 33

LAUNCH STORAGE METHOD RATING

Propellant o . Molecular Weight Less Than

Characteristic Co Toxic 29 or Nontoxic
' Nominal Temperature ' 5 ' s
b - Included in Usable Range ' -
i \ . . "- _ ..
’ . 'Nominal Temperature not 1 SR S I

~ Included in Usable Range

Propellant physical property information was obtained from Table 6
and toxicity information from Table 25, Using this data, the
"launch storage-method comparison factor was evaluated for each
propellant combination. These factors are listed .in Table 22 ,
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SOLID PROPELLANT COMBINATION COMPARISON

In this section, the solid propellant combinations listed in Table 10b
are evaluated and compared. These comparisons contrast with those

for the liquid propellants in that they are more general and are
essentially a discussion of the capabilities of various solid pro-
pellant combinations. This approach was used because of the small

number of solid propellants that were considered.

The areas in which the solid propellants were compared were equivalent
to those considered for the liquid propellant combinations. These

. areas were performance, stop and restart capability, space storage,

propellant hazards, and system design considerations. As mentioned
previously, the solid propellants were placed in Phase II for a 1975
operational date. All discussion was based on this operational date.

PROPELLANT PERFORMANCE

Figure 10 summarizes the data in Table 1Cb schematically. Contours of
the individual areas have been selected somewhat arbitrarily. Wide
ranges of impulse and density are available within a given propellant
family. However, only certain ranges are of practical interest. The
large area shown for beryllium hydride propellants reflects the lack
of specific information. This figure illustrates the effect of the
above theoretical comments, namely, that high specific impulse almost
inevitably results in lower density. This results from the fact that
the formulation includes a light metal, a source of oxygen or fluorine
and as much hydrogen as possible in the form of some s0lid derivative.
A corollary of this conclusion is also evident, namely, that high
impulse with "higher" density implies higher temperature because
higher density means less hydrogen and higher average molecular weight.
Approximate temperature isotherms have been sketched on Fig. 10 to
illustrate this point. These should not be taken too literally. They
do illustrate the point that solid propellants with theoretical
specific impulse greater than 300 seconds are expected either to
contain beryllium (as its hydride) or to have chamber temperatures

in the 3500-4500 K range, (or both). The zero payload contours of
Fig. 2 were superimposed on Fig. 10. It can be seen only a few
combinations provide increases in payload over the N204/50-50 pro-
pellant combination.

STOP-RESTART AND THROTTLING

Although a flight weight, high performance stop-restart solid propul-
sion unit has not yet been made, this capability may be feasible

125
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320
Approximate Flame
\ Temperature
E
310 4— B8H2
300 4—
‘ Payload Increase Al Hj ‘
- over N204/50-50 =NF,
: // _ . . Al
’é /// - |Composite Jgn %? _
(=
H . /// . Be -9
qd /// - o)
Q .
D 280 +—  Less | ///l/l ) E: L
& ~ Payload - ’ //,NP /:/7 c‘i
£ - then N204/50-50 T -
| (D8] -
270 4— v > ~1255-260
= 250
3=
| el
260 1— #Chanber Pressure/Exit Pressure =
1000/1hL.7
0.04 °'°51b Jeu in 0.06 0.07
L | I " 1 o
1.0 1.2 AWl o/cc 1.}6_ 1.8 2,0
Propellant Density - ‘

Fig. 10. Solid Propellant Families Impulse and Density Relations
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in the 1970-1975 period. Two basic approaches have been taken to this
propulsion capability. The first is a solid-pulse motor in which pre-
sent propellant increments are fired on command. The second is based
on burning rate control, ineluding quenching, by control of chambe#
pressure and pressure gradients, (Ref.5 ). - '

development which in its simplest form requires no moving parts.

Problem areas associated with it are firsi the apparent intrinsic
- propellant fraction penalty associated with the restrictor or inhibi-
: tor separating the individual propellant increments and, second, the

‘ ' , increased complexity of the ignition system which now is based either -
I‘ - - on a conductive film ignitor or multiple pyrotechnic charges. Alterna-
! A tively, hypergolic ignition with chlorine trifluoride might be applicable
' " if the restrictor can be removed or if it is feasible to burn it off

' " with the hypergol. '

b The concept of quenching a solid propellant by a sudden pressure drop
' ' has been studied for various reasons for at least six years.  During
this period, the feasibility has been demonstrated for various modified
double~base propellants and composite ammonium perchlorate or mixed
oxidizer propellants with and without aluminum. Without going into
detail, the data show that quenching is related to interruption of the heat
"flux from the flame into the propellant. Pressure decay rate required
for quenching then depends on propellant composition and physical
properties. The important chemical and physical features broadly are
those which control the auteignition temperature under actual mctor

Dosw vamsaa W WLA G VAL T WRALT Gw VG LA WY v

conditions. .Chemically, the two most important factors are the decomposi-
tion kinetics of the oxidizer and fuel. The kinetically-controlling

. fuel is ususlly the binder rather than a metal. These kinetics may
also depend on physical characteristics of the propellant, i.e., particle
size of the oxidizer. 1In a sense, the solid-hybrid throttleable motor
(Ref, S ) represents an extreme case of this physical separation. In

~ this motor there are two grains, a fuel-rich one and an oxidizer-rich
afterburner with a valve between. The fuel-rich grain is easily quenched
because of its stoichiometry. : '

l- ' j The pulse motor concept is é faif1y stréightforwqrd engineering

The investigation described above indicate that development of a _
stop-restart capability:for.solid propellant systems may be possible although
a specifié‘syétéﬁméﬁ“jcﬁ?ulwnﬁ?inéd at the present. Throttling is in
one sense a special, mudh easier case of stop-restart. It has already .

' : been demonstrated in principle and in flight-weight prototype (Ref. 6 )

ueing nogzles with centerbedies (pintles or sp;kes) which permit change.
in throat area. There are engineering problems associated with the
hardwéro.design. but: the principle is well established,
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' STABILITY IN SPACE

In designing a solid propellant motor with stop-restart capability
for use in space, it was assumed that after the initial start-stop
~cycle, the propellant remaining in the motor will be exposed to the
vacuur characteristic of its space environment. It is conceivable
that nozzle closurcs could be devised, but conservative design would
require that we assumc the most strlngent environmental conditions
. will prevail. Similarly, the motor will te exposed to whatever radia-
tion is passing through the area. The effect of radiation levels
ordinarily encountered in space upon solid propellant motors has
been debated in a number of studies with varying conclusions. In
general, the effect of radiztion upon propellant characteristics is
COn’lde“Ed to be of low or secondary importance. During short
issions of the order of a few days or weeks, the total dose normally
is estimated to te below the threshold at which observable damage
occurs. A large amount of protection is given to the propellant by
even a relatively thin case, ' ' '

Based on thes¢ assumptions, the greatest environmental stress on the
propellant will result from exposure to high vacuum and the tempera—

ture-cycling characteristic of that portion of the vehicle. State—of—

the~art solid propellants have been exposed for extended periods

to vacuum, temperature cycling and high energy radiation. Observable
changes in propellant characteristics have resulied from these ex-
posures. The data show, as might be expected, that certain types

of solid propellant binders are more desirable than others. HeWever,
none of the data indicate that solid propellants cannot be used in
space missions. Some oxidizer and fuel ingredients now being con-
sidered for more advanced propellants may not be suitable for extended
operations in space becauce of relatively high vapor pressure. For
example, hydrazine nitroform has a relatively high sublimation pressure
and formulations based on this may not be suitable for extended storage
in high- vacuum,

PROPELLANT HAZARDS

The two most important hazards associated with solid rocket pro-
pellants are toxicity and explosion., It is evident from the analysis
presented above that propellants with theoretical specific impulse
greater than 300 seconds, will probably contain beryllium. The only '
possible exceptions are very hot lithium-fluorine systems and possibly

some of the aluminum hydride formulations with very energetic oxidizers.
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BONFIBENFAL

Stability, compatibility and perhaps combustion problems can be
anticipated for these possible exceptions. The possible hazards of
using propellants containing beryllium therefore should be considered
as perhaps a necessary adjunct to any practical solid propellant with
very high theoretical impulses,

Propellants containing beryllium are now being developed routinely.
There is no insurmountable problem associated with normal manufacture
and use. There is a certain amount of inconvenience associated with
the handling and test of these materials, but these problems have been
solved by normal indusirial hygiene precautions. The only serious
problem is the occurrence or an incident releasing airborne beryllium
containing material to which unprotected personnel could be exposed.
The only serious hazard arises from inhalation of airborne material.

Accepted maximum allowable concentrations are 25 micrograms per cubic -
meter for a single exposure or 2 micrograms per cubic meter for an 8-
hour day. These limits are for personnel without respiratory protection.
Relatively simple respiratory protection, if used properly, can provide
adequate protection against much higher concentrations.. The acute
exposure limits have also been expressed in terms of a total integrated
dose of 500 microgram minutes per cubic meter. Based on these limits,

the risk of exposing unprotected personnel to concentrations exceeding
approved limits may be estimated from quantity-distance-meterclogical
data. 7

Aluminum hydride is a possible nontoxic alternative to beryllium
metal, i.e., reaching a similar impulse range. - However, the stability
of aluminum hydride is marginal. A fairly radical improvement in
stability is needed before it would be suitatle for formulations with
very high reliability.

Other materials to be used in advanced solid propellants will have

toxic properties. Fluorine is probably the ingredient next most likely
to cause concern. Hazards associated with hydrogen fluoride which would
be the most likely combustion product are well known. They differ

- from beryllium in that complete recovery from acute exposure can

perhaps be anticipated.

Explosion hazards associated with solid propellants are well known
and need not be discussed in detail. In most instances, propellants
present primarily a fire hazard. A major distinction of interest
where large quantities of propellant are involved is the ability of
the propellant to propagate detonation waves. Generally speaking,
solid propellants which contain as a continugus phase an ingredient
such as nitrocellulose, which is itself a propellant or explosive,
can propagate a detonation wave. If the continuous phase does not
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have monopropellant characteristics, the composition will not propa- {
gate a detonation except in very large masses. The composite _ |
propellants based on predominantly hydrocarbon binders are good examples - -

of the class which does not detonate. : _ -

MOTOR-DESIGN CONSIDERATIONS

Other factors besides those discussed above would also require consi- ' '1
deration in selecting a propellant for a specific motor design. For . T
example, range of burning rate available affects grain design. At . ' |
present, a range of burning rates from about O.1 in/sec to 5 or 10 , : {
in/sec at 1000 psia can be envisioned. There is no guarantee that -
propellants with this range of burning rates will necessarily have . L
all of the other characteristics such as stop-restart. capability, but
it does illustrate the fact that a burning-rate range. of two orders
of magnitude can be predicted. Very high burning rates (5-10 in/sec)
will probably not bte true propéllant regression rates but will depend -
on devices to increase the mass consumption rate and hence the effec-
 tive "burning rate." ' B

Physical properties of these advanced propellants may also be expected
to vary widely from the conventional viscoelastic composite solid to
the nearly rigid reinforced structures based on inclusion of wire,
(Ref.7 ) screen or other structural member in the propellant. The '
latter structures also have anisotropic burning rates, thus providing

an additional degree of freedom in grain design (Ref. 8).

Similarly, various forms of solid - solid hybrid may be predicted,
especially for very high impulse propellants based on beryllium
hydride for which the large volume fraction of fuel makes conventional
formulation impractical. This will impose some limitations on motor
design not as yet defined. However, for example, one would predict
that as large an L* as possible should be used.

Techniques for ignition in vacuum will be available, Multiple pyrogens
are preferred now for reliability. Hypergolic materials such as '
chlorine, trifluoride or fluorine have attractive features if thelr
performance in vacuum can be improved., If a liquid hypergol is used,
this provides the further possibility of using the hypergol not only

for ignition but also for thrust augmentation during mainstage operation,
i.e., a simple form of hybrid. :

Propellants based on -NF2 or hypothatical solid -OF oxidizers have
within the limits of present knowledge several undesirable features
which may be inherent. First, all formulations made thus far have
been shock sensitive., Second, high-impulse formulations (as yet
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hypothetical) have high combustion temperatures. However, lithium-
based formulations in theory could provide nontoxic propellants -
with theoretical impulse greater than 300 seconds.,

- SOLID PROPELLANT SELECTION

Based on previous dlscuss1on, solld propellant ch01ces for the 1975
lunar mission would be either::

(1) a berylllum-hydrlde composite probably based on a con-
ventional oxidizer such as ammonium perchlorate and a
s0lid - solid hybrid formulation technique

or:

(2) a beryllium formulation using an oxygen-based oxidizer
with theoretical impulse in the 290-295 second range,
perhaps using reinforcing techniques to provide maximum
strength and resistance to temperature cycling. -

' These selections were baséd primarily on high performance and good

stability characteristics. The solid propellant combinaticns selected
{particularly the first combination) could provide better performance
than the N204/50-50 systems. Hovever, the stop-restart capability

has not been sufficiently develcped for the solid propellants to

merit their further, more-detailed con31deratlon as propellants for

-~

the Apollo systems.
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PROPELLANT SELECTIONS

Following their development and evaluation, the propellant combination
comparison factors were grouped into five basic comparison areas:

(1) Performance, (2) Reliability, (3) Operation Aspects, (4) Development -
Ease, and (5) Launch Operation Ease. The comparison factors were
weighted and combined such that a rating of 100 was possible in each

of the five areas. Each of the five basic’comparison-areas'was then
weighted according to relative importance to provide an overall,
numerical evaluation criterion. - : ‘ :

.An evaluation scheme of this numerical nature has two significant

featu;es:
1. The evaluation and comparison of propellants is systematic, and

2. The importance of each factor contributing to a given rating ,
can immediately be determined and isolated for review.

Obviousiy the comparison factor combinations were different for the
1970 and 1975 operational dates. These factor combinations and
relative weighting are presented in Tables 34 and 35 .

For the 1970 operational date, it ws assumed that the performance,
reliability and operational aspects, and the development and launch
ease should be approximately egual in importance: The weightings.
were assigned as shown in Table 34 with the launch ease of con-
siderably less importance than the other areas. With these defini-
tions, the overall propellant combination evaluation factor can be

determined. The maximum possible value of this factor was 300.

In weighting the areas for the 1975 date, considerably greater emphasis
was placed upon performance and less-emphasis was Placed upon develop-
ment ease. The sssigned weighting are shown in Table 35 ., A maximum
overall rating of 300 was also possible for this 1975 evaluation.

An example of the combination of the comparison factors into the
overall rating is provided in Table 36 for two of the propellant
candidates. The individual comparison factors are listed, the five
evaluation-area factors evaluated, and then the overall rating factor
listed. This illustration is based upon the 1970 operation date.

ks
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Table 36
FROPRLLANT COMBINATION RATING TLLUSTRATION
1970 Cpar=tional Data
Provellants FQ/I»'?H/‘ OF?_/Bzﬂs
I. COWIV“LwOn Factors
%, Relative Payload - 8.8 7.7
B, Relative Volume 9.0 7.2
C. Txperience 6.5 6.0
D. Propeliant mrqraLpr Mathod | 6.0 6.0
E. System Simplicity . 7.0 7.0
F. System Sensitivity. 7.7 8.1
G. Logistics 9.0 6.0
H. Space Storage 7.9 T4
T. Thrust Chamber Cooling 6.0 2,0
J. Launch Storage ' 6.0 AN I
K. Toxicitj ' 5.0 0.0
IT, Evalunation Lreas :
A. Performance 88.4 76.0
8 (1a) + 2 (1B) ‘
B. Reliability : _ 66.0 6.0
C. Operational Aspects - 73.1 65.8
D, Dev=loprent BEase : _ 70.5 A5.1
E. Leunch Qperation Ease 55,0 20,1
III, Overall Rating - 225 181
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1970 PROPELLANT-COMBINATION COMPARISON

Based upon the method described for 1970 in Table 34 , the five evalua-
tion-area  factors and the overall comparison factor were determined.
These factors are listed for various propellant combinations in

Tables 37 through 42 , ' No hydrogen-fueled propellant combinations
appear in the tables. They were excluded from the 1970 listings

because of their low density, and the restriction that major (tank)
modification be considered only for the 1975 systems, Also, only

propellant combinations offering a performance improvement over N204/- o

50-50 are listed. -

‘The performance ratings (basically the payload gain comparison) are

predominantly oxidizer-oriented. The higher ratings are achieved
by the Fp, FLOX(90), and OF, oxidizers with moderately dense fuels.
Oxidizers with lower ratings are the NoFy, NFz, and Comp. A.

- In Table 38, the reliability ratings are listed. These ratings

are predominantly experience-oriented. (Only propellants which offer

performance improvements over N0 /50-50 are being considered, thus many

propellants, for which there is extensive development experience, have
already been eliminated.) The N204/50—50-combination is included
only as a reference. As might be expected, it ranks as the highes

combination in this and the following areas, -

In the operational-aspects area, Table 39 » the higher-ranking pro-
pellant combinations are the noncryogenic, ‘earth storable™, The

highest-ranking cryogenic is the FLOX(90) followed by NoF4 and OF,,
Propellant storage and simplicity are the predominant influences,

The development ratings, listed in Table 40 s 8re experience-oriented and -

modified by the thrust chamber cooling comparison. The effect of
the cooling factor can be seen by the relatively low ranking of -
several of the 35H9 combinations, Co

- The launch operation ratings are presented in Table 41 . The two

factors involved are toxicity and launch storage ease. Effects of
toxicity can be noted by the low ranking of the OF, and BsHg _
combinations. The highest rankings are achieved by the noncryogenic
and/or nontoxic propellants, : S -

' FORM 608-8-1 {LEDGER) REV. 1-58



ROCK ETIDYNE

a DIVISION OF NORTH AMERICAN AVIATION. INC

—GORHBENRAL

TABLE 37

1970 PROPELLANT COMBINATION PERFORMANCE RATiNG

FORM 608-8-1 (LEDGER) REV. 1-38

Propellant Combination - Rating Propellant Combination A Rating |
/N, 8844 0F2/ca4‘ 68.4
F,/B,H | 87.6 OFZ/NZH4 67.6
FZ/BSHQ A 84 N2F4/BSH9 66.8
F10X(90)/50-50 83.6 | NJF,/NJH,  66.8
FLOX(90)/MME 82.2 ' 0F2/UDMH 6644 .
F,/NH5 81 'FLOX(90)/C A, 6346 .
opz/cznssma13 8.4 Fz/Hydyne - 62.6
OF2/B5H9 7.6 F2/CH4 469.4
FL0X(90)/UDMH 77.0 OF,/CH, 60.0
F2/50-50 76.8 OFZ/NHB 54.0
0F2/3236 76.0 rLo;(3o)/3235 53.6
FZ/MMH 73.2 NF3/N234 51.4
OF ,/MMH m N2F4/Nn3 51.4
opa/so-so 70.2 FLOX(3O)/3539 50.6
FLox(go)/cn4 70 Comp A/N234 - 48.8
OFZ/RP—1 69.6 . Comp A/Hybaline A-5 45.6
FZ/UDMH 69.0 FLOX(30)/N B, 41.6
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‘ TABLE 40
1970 PROPELLANT CONBINATION DEVELOPMENT RATIHG

s

FORM 608-8-1 {LEDGER) REV. §-58

Propellant Combination Rating Propellant Combination | Rating
N204/50—50 . 78.0 CIFS/Hydrazoid—P 59.4
02/RP—1 75.7 FLox(90)/UDMH 59,3
. Fz/NH3 75.3 I€2F4/N2H4 < 58.6-
. N204/N2H4 73.3 »Comp A/N2H4 58,3
C1F./50-50 T1.1 F./B.E, 58.3
J . & & 0
FZ/NZH4 70.5 mox(go)/czn6 g 58.2 |
.FZ/};H 70.4 FL0X{90)/50-50 57.9
C1F,/N,E, 70,2 | Comp A/50-50 57.3
02/N2H4 69.7  Comp A/MMH - 56.4. .
FLox(;o)/NH3 68.9 N2F4/CH4. 56.4
HON/¥MMH 68,2 N2F4/RP 1 5643
FLOX(20)/MMH 68.2 OF,/NH, 55.6
» SrmeT 57 . R ?v'ﬁ"—/‘nf :r:" 55.3
-1.2/ VUL . Ve *31 --,2“4 o e ® S
02/50_50 66.9 N2F4/UDMH 5542
FZ/RP—1 66.8 h2F4/50-50 55.0
FLOX(9O)/CH4 65.2 3202/3539 54.0
F,/H, 65.0 OF ,/RP-1 53.1
02/0H4 64.2 NF3/UDMH 52.7
AN2H4/BSH9 63.6 01F3/3539 51.8 -
F,/50~50 63.2 OFZ/N2H4 . 50.4
FLOX(EO)/N2H4 62.3 ClFB/Eybaline A-5 50.3
og/vnnn 62.2 OF2/02H6 49.5
C1F3/MMH 62 OFZ/SO—SO 49,1
N2F4/NH3 61.1 OFZ/MMH 48.1
OF2/CH4 60,2 OFZ/Hz 48.0
F2/CH4 59.6
1
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The overall ratings for propellant combinations for 1970 are listed
in Table 42 . The»FZ/N2H4 ranks the highest and the Fp oxidizer J
combinations in general occupy the highest ranking positions (FLOX o ,
(90) is 90 percent F5 and 10 percent 02). The N2F4/NZH propellant , o
combination is the next oxidizer in rank and is followeé by the OF,- _ i
oxidizer combinations. All of the top-ranking combinations are at '

least partially cryogenic (i.e., the oxidizer is a cryogenic).- The

top-ranking combination that is completely noncryogenic or "earth : 1
storable" is Comp A/N,H4. This is followed closely by C1F3/NoHy,

N204/N2H4, and N2H4/B5H9. (As mentioned previously, the N204756-50

combination is included as a reference to. illustrate its high S

quality although it does not compete with the other propellants on : "I
the basis of payload.) ” ' :

PROPELLANT-CANDIDATE SELECTION - 1970 - | o |

From this propellant-combination rating, four candidate combinations

were selected for the more detailed evaluations of Task II. To ' |
enable the Task II investigation to provide a distinctive propellant '
comparison with a broad scope of propulsion-system configurations,
candidate propellant combinations having different characteristics
were selected. This selection will ensure that should undesirable
features of a given propellant (oxidizer or fuel) be uncovered, all
of the candidates will not be affected and the analyses can proceed
without interruption. Four high ranking oxidizers were chosen:
Fo, FLOX(90), OF,, and Comp A. The Comp A oxidizer was included
as the highest ranking noncryogenic "earth storable" oxidizer. Fuels
which give the best rankings were then selected for each of these
oxidizers. The selections are given in Table 43 . Multiple fuels
are indicated for the Fy and OFp. These fuels are all high ranking
and provide some flexibility in the thrust chamber cooling analyses.
A single fuel will be selected after more detailed consideration.

TABLE 43

1970 PROPELLANT COMBINATION CANDIDATES
F,/N, B NH,
orz/cn i BHci MMH;
FLOX(90)/MMH o,
Comp A/N234

A list of the properties of these combinations is given in Table 44 .,

1LL

~SONHBENHAL
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1975 PROPELLANT-COMBINATION COMPARISON o . | L J

In the selection of propellant-combination candidates for the 1975
operational dates, there were two objectives. First, the 1975 o ' |
- propellant-combination candidates must provide a payload capability ‘ _ J
comparable to the 1970 propellant candidates. Second, it was desired
that representatives of the wrious propellant physical states be :
_ included regardless of their position in the overall ranking.

With the first objective in mind, only propellant combinations with

a relative paylo:d capability factor greater than 5,5 were considered. .
This limiting value was established from a consideration of the 1970
propellant-combination candidates. To facilitate the second objective,
- the propellant combinations were evaluated and grouped according to
their physical state: 1liquids, hybrids, solids, and solid -additive.
Although comparisons can be made from group to groups, emphasis was

on the 1ntergroup comparison. .

In making selections for the 1975 candidates, only the liquids, hybrids,
and solid additive propellants were considered. Although the so0lid
propellants listed could be of interest, there is the area of solid
propellant start and cutoff technology that must be developed before
they can be considered. TFor space missions, the start and cutoff
capability is extremely important and, although this capability may

be developed by 1975, investigations in this area were considered
outside the scope of the contract. Therefore, of the six candidates
selected, three were bipropellant liquids, one was a hybrid, and two
use s0lid additives to a liquid bipronellant svstem.

ik

The bipropellant combinations for 1975 were rated within the five
evaluation areas of Table 35 . In Table 45 are presented the
performance ratings of the bipropellant combinations considered for
1975. Unlike the similar ratings for 1970, these ratings do not
include the effect of relative volume, The 1975 performance rating
is a function of only the payload. For this reason, propellant
combinations with hydrogen as a fuel rank among the top candidates.
The payloads for the hydrogen-fueled combinations were calculated
using a light tank-weight factor as described previously.

All of the combinations have fluorine-based oxicizers with the
exception of the one system, Op/H>., This combination ranks high
by virtue of the hydrogen fuel., Since the 1975 propellant selection

FORM 608.B.1 (LEDGER) REV. 1-58
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is heavily weighted in favor of performance, the status of the
propellant combination in this rated area (Table 45 ) is fairly
indicative of relative overall ranking,

The r®liability ratings of the propellant combinations are given

in Table 46, A rating in this area reflects the two factors
which establish reliability of the propulsion system. These two
factors are: (1) propellant transfer method and (2) operation
simplicity. Experience, a third factor considered in determining
a 1970 reliability rating, is a less important parameter in rating
for 1975. The time span is adequate to gain sufficient experience
with any of the propellant combinetions for which experience is
lacking. '

As seen in Table 46 , the ratings within the area are very insen-
sitive to the propellant combination., Since each combination is a
liquid bipropellant, the method of propellant transfer is similar
and there is differentiation of the propellant combinations. There-
fore, operation simplicity is the differentiating feature. The

rore complex hydrogen-fueled systems receive the lowest ratings.
These low ratings counter in part the high performance ratings of
tre hydrogen-fueled combinations.

With the exception of the hydrogen-fueled systems, the ratings

for the area of operational aspects are clustered in the range

of 60 to 80 (Table 47 ). Within this range, the propellant
combinations are fairly evenly distributed. Unlike the ratings
for reliability, each propellant combination has a distinct rating
wnich establishes its relative standing,

The ratings reflecting the ease of development of a propulsion
system are presented in Table 48 , Essentially two factors:
(1) thrust chamber cooling and (2) toxicity are responsibile
for this ranking of the propellant combinations. Oxygen is the
only nontoxic oxidizer in contention. Hydrogen is an excellent
coolant. As expected from these two favorable characteristics,
the oxygen/hydrogen combination is the highest rated system.
Noticeably this combination has a significantly better rating
than the second best combination. At the other extreme, OFp/Bg
receives the lowest rating. Individually, the propellants are
exceedingly toxic. Coupled with this disadvantage is the high
combustion temperature and the poor coolant properties of the
fuel. :

1,8
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The propellant combinations have been rated (Table 49 ) according
to the ecase in the lzunch operation of a missile using the propellants. '

‘The oxygen/hydrogen system ranks as the best combination primarily J
because it is nontoxic.

The area ratings were combined according to the weighting factors of ‘ i
Table 35 to give the overall ratings presented in Table 50. Heading

the list is fluorine/hydrogen with a rating of 268, This system ,
has a large payload capability which contributes heavily to the final . 1
overall rating. Performance was assigned the largest weighting factor

of the five evaluation areas. It is interesting and significant that

F /Nth ranks as the second best bipropellant for 1975. This combina~- :
tlon received top ranking in the selection of propellants for 1970, - 1
Fluorine-oxidized combinations cdominate the top echelon of propellants,
Two FLOX (90-10) systems are in the top combination echelon, OFp/Cs

is the highest rated combination with a completely different
oxgdlze

The same criteria used to rate the liquid bipropellant combinations

were used to rate the hybrid systems according to the five areas of
Table 35 . The results of these ratings are presented in Tables 51

to 55 . The area ratings were combined using the weighting factors
of Taeble 35 , to obtain the overall hybrid rating presented in Table 56,

The metallic-additive systems have been treated in a different manner.
In Table 57 ,the specific impulse is given for the bipropellant
combination and for the additive systems. The percent by weight of
additive is indicated in parentheses. Systems containing a large
concentration of the metallic fuel (e.g., Fo/NoH) + BeHp) should not
be considered as an additive system and thus were by-passed in
preference to a hybrid svstem. Those combinations giving relative
payload ratings higher than the 5.5 lower limit are tabulated in
Table 58 . The relative payload rating for bipropellant system is
presented for comparison, Those additive systems giving less than

a unit increment improvement above the bipropellant system were
viewed as offering little advantage and thus were eliminated from
contention.,

Metallic additives to a fluorine~hydrogen system improve the theoretical
specific impulse (Table 57 ), but because of the loss in bulk density
of the prepellant combination, the additive system provides less pay-
load than can be realized with the bipropellant combination. A

F2/H2 + Li system depicted in Fig.l1ll shows the tradeoff between

gain in specific impulse and the relative weights of the three
propellants,
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TABLE 51

1975 HYBRID PROPELLANT COMBINATION

PERFORMANCE RATING

j Propellant Combination »Réting
F,/Bek, 97
F,/Li 91
F/LiE | 89

.N?B/BéHé 82
Fz/AiH3 - 81
OFZ/LiBH4 70

N, /14 67
5202/(53e354)2. 67
N, /Be 60
N204/Be 59
.ClOBF/BeHZ 58.
0,/BeH, 56
NFB/Li 55
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TABLE 52

1975 HYBRID PROPELLANT COMBINATION

" RELIABILITY RATING

Propellant Combination Rating
Fo/AlE, . 13.5
FZ/BgBZ 73.5
FZ/L; 73.5
fz/LiH 73.5
OF2/LiBH4 73.5
N2F4/Li 73.5
N2H4/Li .73.5
0,/Bek, 73.5
3202/(335334)2 | 73.5
H202/BeH2 | 73.5
N,0,/Be | 73'.5
C10,F/BeH,, 73.5
NF3/L1 73.5

¥FORM 608-B-1 (LEDGER) REV. {.58

156




S

BRRCCK ETDYINE

A DIVISION OF NORTH AMERICAN AVIATION. INC

1975 HYBRID PROPELLANT COMBINATION

TABLE 53

OPERATIONAL ASPECTS RATING

Propellant Combination

Rating
NZOA/Be | 83.1
N2F4/Li ' 80.3
N2H4/Be 78.8
H202/(HBeBH4)2 T 7641
H,0,/BeH,, 76,1
ClO3F/BeH2 T72.4
F-g/zs.m3 70.6
F,/Bei, 70.6
F,/Li £ 70.6
F2/LiH 70.6
NF3/BeHZ‘ 70.4
NF,/Li 70.4
OFZ/LiBH4 69.0
02/B¢32 65.6
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TABLE 54
1975 HYBRID PROPELLANT COMBINATION

 DEVELOPMENT RATING

Propellant Combination = = : Rating-
FZ/A1H3 - - L | 60.0
N204/Be‘ | - 52.0
N2F4/Li B ' 46.0
| Fp/BeH, | 4o
IR/ IR - 40.0
F2/L1H2 o | 1 40.0
NZH4/39 : - 40.0
NF3/Bg32 40.0
NF,/14 L I 40.0
‘Hzoz/(@"BH‘t)z - 34.0
3202/B9H2_ -' o - 34.0
OFZ/_LiBH4 o 28.0
| 0,,/BeH,, | | ) | . 28.0
ClO.),F/BeHa 28.0
158
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TABLE 55

1975 HYBRID PROPELLANT COMBINATION

LAUNCH OPERATION RATING

‘ ,'Pfopellant '-Combi.nation Réfing -
: NZH4/Be 50
H202/(HBeBH4)2 50
B,0,/Be, - 50
N204/Bé 50
oz/Benz' 40
F2/A1H3 30
Fg/BeHz_ 30
FZ/L; 30
F2/L1H 30
OFZ/LiBH4 30
N2F4/Li 30
0103F/Be32 30
NF3/BeHé 30
NF/BeH,, 30

TONABEEALT
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TABLE 58

METALLIC ADDITIVE PROPELLANT COMBINATIONS =

RELATIVE PAYLOAD RATINGS

. Additive Bipropellant Elimination|
Relative Payload [Relative Payload :
Op /Hp + Sef2 T 9.8 T 8.1
Fo [/ Ng), + BeH2 . 9.8 8.8 x
0 /Hy + Be .. 9.8 8.1
Fo /MMH + BeHp 8.8 7.0
Fp- / NH3 + Ii 8.6 8.0 x
F / NHj + Be_ - 8. A8.0' X
02 / NoH) + BeHp | 6.9 2.
"OFp / NoH), + Be 6.7 662 x
Fp / CH) + Be | , 5.8 ST x
02 / NH3 + Belp 5.7 -1,0
F2 /‘Hz + L 5.6 11.6 x
Fo /Hy +Be | 5.5 11.6 x -
P [Hp +Beg | 5.5 1.6 x
‘ 02 / NoH) + Be . 5.5 2,y
Hy0p/ Hybaline Bu3 + BeHp 565 0.6
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PROPELLANT-CANDIDATE SELECTION- 1975
The candidate propellants selected for 1975 are:

Best* 1970 bipropellant
FZ/H
OF2/C H_B, H

275710713

'FZ/BeHZ

02/H2 + Be

| F,/¥ME + Beﬂz.
These combinations include two of the highArated bipropellant
combinations and the best combination from 1970. The ratings of
Table 50 indicate that the best 1970 combination rates very
high for 1975. Also included in the selection are the highest
rated hybrid and two of the highest rated metallic additive pro-
pellant combinations. ,

* Based on payload and system compatibility.

16}
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1975 PROPELLANT COMBINATIONS
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~<CONRBERM

APFNDIX B

P

. SFFECTIVE SZRVICE MODULE VELOCITY INCRIMENT

Propellant requiremerts Jor the service module nay be estimeted by
- combining the two mIssion types into an equivalent constant initial-

gress-uvelght riesion, The effective velocity increment for the

equivelent mission is cetermined ‘as follows:

 Wpiotsl © ¥y [l—exp ( - AVl/gIs) ] | + U, [;-exp ( AVZ/gIs)] (1 ')

define A V effective by

il =W lleexp { AV ,../27s) | (2)
Ptotal 1 [ eff
Assunes _

Is = Li00 seconds, A P = 0.8, ithen

PL/’.'I = AP -1+ exp (,"AVQ/EIS)
- AP :

o= = 15,000 _ 2}, 000 pounds

o, )

thus total propellant weight is’

= 0.63

'z«rP = 50,000 [l-—exp (-lsLéO/hOOg)] + 23,000 [1-pxp ( <4300/1,00 g)J

ot
e
[

The effective mission velocity increment of the service module is given by

B-1

~OHADENTE

90,000 (Q294) + 23000.28L) = 33,300 pounds
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BONFBENHAL=

"1-ex1-3 (- Aveff/ghOO) = W

P
- 90,000
AT = 6000 fps.
-eff N
B-2 v
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SECREDENT

APPENDIX C
TPLO “Y iNCREF“NT VF?LCTQ oN VﬁLdﬁE COMPARISON

From Tablell, it is seen thaét esch propulsion system must deliver an ideal.
velocity ircrement which differs slightly from the typical cese mentfoned
above., The effect of essuming z different mission velocity Zncrement for.
the volume analysis.ray Se dcﬂeﬁatr ted by 2n exanple, If an O,/

systen 1s compered to the reference system, assuning zn idesl velocity
increment of 7000 fps :

v, - [ |
-2 = | l-exp [-7000
Vp ref | gh50 /] ‘/o‘ o
“3 - ref
i -7000\1 : B
ip - . . - _ . V
.; » 0.769 W 3-ref = _Q.769f (p)

ref . r~=

if thsbJJo cel V°lOClty increment is assumed to te 600C fps

<3

e =[1-exp(§§%g] f(;)
JP ref [}«exp (;g%%g)]

= 0.758 £ (@)

<=l’d <3

P -« ref

The difference in tank volume ratio resulting from the two ideal velbcity
increments is about 1.5 percent. Thus the volume comparison is not
significantly affected by the velocity increment assumption.

c-1

- <SOREIDENTIE
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APPENDIX D

APOLLO VEHICIE PROFPELLANT-TANK VOLUME LIMITS

Before a candidate substitute-propellant combination is given detailed
consideration for the 1970 Apollo propulsion systems, the feasibility
of the propellant tanks fitting within the existing spacecraft structure
should be evaluated. Propellant combinations requiring little component
and structural rearrangement will be better suited as substitute pro-
pellants than those combinations which will require major spacecraft
modifications to house the associated propellant tanks. The purpose of
the study was to determine the maximum propellant tank volumes that can
be carried within the existing spacecraft structures,

The Apollo stage designs that have been used as a basis for this inves-
tigation may be subject to change as the development of the system
progresses, Major changes, invalidating the results presented are not
likely to occur; thus, the trends shown should be valid. Since the
results affect the propellant selection only as a limitation, small
changes will have little consequence on the propellant-selection results.
(For the finally selected propellant, detailed system design will be
made in a later phase of the study.)

SERVICE MODULE PROPULSION SYSTEM (SPS)

Propeliant storage for the SPS consists of two oxidizer and two fuel
tanks located symmetrically about the longitudal axis of the Service
Module between radial bulkheads as illustrated in Figs.1D and 2D . The
two remaining radial compartments, sectors I and IV of section D-D,

Fig. 1D , house the LO2 and LHp storage spheres in sector I, and three
fuel cells, the power control relay box, the RCS Control Unit, and
various technical equipment in sector IV. The oxidizer tanks are 5l-
inch I.D. cylindrical tanks with spherical ends, with a total length

of 166 inches and total capacity of 352 cu ft. The two 45-inch I.D.
c¢ylindrical fuel tanks, 168 inches long with sperical ends, yield a fuel
tank capacity of 282 cu ft, This propellant capacity results in about
16 percent ullage with the present, NTO/Nth-UDMH(SO-SO), propellant
combination,

Propellant-tank storage capacity can be improved by increasing the length
or diameter of the existing design, and by addition of auxiliary tanks,
The fuel and oxidizer tank lengths may be increased by 5 and 6 inches
respectively with minor modifications to the forward bulkhead, Lengthening
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the tanks through the rear bulkhead would require redesign of the high

gain antenna mountings and themmal insulation from the engine; therefore,
this method of increasing tark volume was considered impractical, The
oxidizer tank diameter cannot be increased without redesign of adjoining
bulkheads, From the detailed drawings (Ref. 9 ), it appears that the fuel
tank diameter can be increased by 2 inches before bulkhead clearance‘
becomes marginal,

Repackaging the LOo and LHp spheres (power source for the fuel cells)

to allow relocation of the SPS helium tanks into the forward portion

of sector I will permit addition of an auxiliary propellant tank in

. the center compartment above the engine, a 4U-inch diameter cylindrical
tafik 100 inches in length with sphericel ends can be placed.in the region
vacated by the helium spheres. However, increased pressurization system
volume requirements, or LOp and LHp storage tank repackaging restrice
tions, may preclude relocation of the APS helium tanks,

Propellant-storage capacity resulting from the modifications discussed
above are presented in Table 1D, The auxiliary tank volume is added
to the larger oxidizer tank volume to indicate the maximum individual
propellant volume attainable, The fuel and oxidizer tanks are inter-
changeable; therefore, the larger oxidizer volume illustrated can be
considered either fuel or oxidizer storage capacity.

FORM 8068-8-1 ( LEDGER) REV. 1-58
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TABLE 1D

SERVICE MODULE PROPELLANT TANK VOLUME INCREASES

Tank Volume, cu ft

- Tank Modification

- Conservative

Optimistic

Oxidizer - Fuel Total

Oxidizer TFuel Total
_ In_cfease Fuel Tank 352 289 6l 352 289 6l
Diameter to - 4
47 inches
| ‘Increase Tank -
Lengths, inches -
+6 Oxidizer Tank' +7 +T
45 Fuel Tank B a2 5 2
Add Auxilliary - +63 +#3
-Center Tank : : :
Total Volume 359 25k 653 L2z 294 - 116
" Increase Over _
Present System,® : ' S
cu £t 7 12 19 70 12 - 82
Increase, percent 2 L 3 20

h 13

*present tank volumes:

FORM 608-B-1 (LEDGER) REV. 1-58

Oxidizer, cu ft = 352

Fuel,
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1EM DESCENT PROPULSION.SYSTEM (DPS)

The DFS is arranged about a "cross" structure as shown in the simplified
top view of Fig, 30 and the perspective drawing of Fig. 4D « Enclosed
within the structure are L propellant tanks (2 oxidizer and 2 fuel tanks)
arranged symmetrically about the vehicle vertlcal axis, Each tank 1is

a cylinder 12 by 51 inches in diameter with spherical ends (total length,
63 inches) and has a capacity of SL.l cu ft, for a total capacity of ‘
217.6 cu ft. Tis volume results in about L-percent ullage in the present
system, A helium pressurization bottle and an oxygen tank are stored in
two of the triangular spaces made by the arms of the support structure,
The spaces are tapered shapes of triangular cross-section as iliustrated
in Figs. 5D and & . .The lower one-third of the two triangular spaces
shown without components are scientific~-equipment storage areas as indi-
cated in the figure. The landing engine is supported in the center of
the crossestructure, ’ ‘ -

Increased tank capacity can be achieved by (1) enlarging the present

tanks and (2) adding tanks in the triangular spaces, Enlarging the

present tanks without redesign of the landing gear support structure
appears marginal unless the tanks can be expanded into the engine comparte
ment. The volume increases from various geometric changes are presented

in Table @ , The most likely tank modification appears to be a tank
diameter increase to 55 inches, resulting in a 23-percent increase in

tank volume, ' '

Rearranging the helium tanks and oxygen storage tanks into the space

above the scientific equipment storage area will allow use of the two
remaining triangular spaces to store additional propellant, Auxiliary
propellant tanks may be enclosed entirely within the triangular envelope
or extended through the outside boundary of the space as shown in

Fige 6D . The two enclosed tanks result in 7 cu ft propellant storage
capability while two of the larger tanks would add 34 cu ft of tank volume,

Tank volume increases based on conservative and optimistic changes in
tank design are presented in Table 3D , The auxiliary tank volumes
are added to the main fuel tank volumes to indicate the available
increase in individual propellant wvolume, '

D~-6
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Helium Pressurization (2)

Qxygen_Tanks (2)

Oxidizer Tanks (2)

Fig, 3D Simplified Top View of LEM Descent Propulsion System
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Fig.6D Tank Configurations For Triangular Spaces of
 LEM Descent Stage (not to scale) :
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TABLE 2D

VOLUME INCREASE DUE TO GEOFETRIC MODIFICATION.OF DESCENT STAGE TANKS

-Tank Volume, cu ft

Volume Increase. 'y

Tank Modification (each tank) percent
Present Design -(voluﬁxe) 534.’; o
 Diameter, 51 inches’
Length, 63 inches .
~Increase Diameter to -
a) 55 inches 61 23
b) 60 inches 85 56
(1ength = 63 inches) ' :
Substltute 2:1 Elliptical Ends 65 19
Diameter, 51 inches
Length, 63 inches
Increase Length to 68 inches 60 10
Diameter, 51 inches
Spherical ends

D=i1
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TABLE 3D

LEM DESCENT STAGE PROPELLANT TAﬂK VOLUME INCREASES

. Tank Volume, cu £t

Tank Modification f Conservative Optimistic
Oxidizer Fuel Total | Oxidizer Fuel Total.

Increase Existing
Tank Diameter to:

55' j_rlxches‘ ] 13k '. 13 268 | 170 170 340
60 inches = ‘

Add Au:d.lliary Tanké:

Enclosed : ‘ +7 +7
Expanded —_— N +31; +3h
Total Volume | 1wl 18 | 10 204 37h

Increass Over Present

Systen}*
cu £t 25 32 57 6. 95 156
percent | 23 29 26 56 87 72

¥present tank volumes: Oxidizer, cu ft - 109 (2 tanks)
Fuel, cu £t = 109 (2 tanks)

. D=-12

=T LIRIL |
JUIYA
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LEM ASCENT PROPULSION SYSTEM (APS)

The Ascent Propulsion System tank configuration is illustrated in
Figs.7D and 8D . One oxidizer and one fuel tank are contained in
each of two propellant compartments located symmetrically about the
longitudinal axis of the spacecraft. The present. tanks are 40-inch
spheres of 19.4 cu ft each, resulting in approximately 25-percent -
ullage in the present system. A 2.2 cu ft water storage tank and a
19-inch diameter spherical helium storage bottle are also stored in
each compartment. Outboard of each oxidizer tank are the propellant

. and helium tanks for the Reaction Control Systen. (RCS).

Increased tank cap301ty can be achieved by adding a 15-inch cylindrical
section to-the fuel (or oxidizer) tanks as shown in Fig. 9D . If the
propellants are thermally compatible, a common bulkhead between the
oxidizer and fuel tanks can be used to further increase the storage .
capacity as illustrated in Fig. 10D . Tank diameter cannot be increased
without redesign of the vehicle surface structure because the present
tank designs utilize the largest possible tank diameter (vis. section .
F~F of Fig. 8D ) within the existing vehicle structure.

Substitution of 2:1 elllptlcal ends instead of spherical ends produces -
some added tank capacity to each tank. However, since the present '
vehicle structure above the fuel tank is spherical, addition of a fuel

tank elliptieal upper end will require g modification to the ad3eining
Spacecraft stvucture. In each medification suggested above, the present
location and arrangement of the RCS tanks areretained, but the water and

' SPS helium tanks are relocated.

. Resﬁltant tank volumes incorporating the tank redesign discussed above '

are presented in Table 4D . The larger tank is designated as the fuel
tank to indicate the extent that individual propellant storage can be
increased. Since the tanks have common boundaries, an exchange of tank
capacity between the fuel and oxidizer tanks is possible, yielding an -
infinite range of propellant volume ratios within the total tank capac-
ity indicated in the table. Therefore, the important value given by
Table 4D is the total tank volume available,

D-13
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TABLE 4D

LEM ASCENT STAGE PROPELLANT TANK VOLUME INCREASES

Tank Modification ~ Conservative Optimistic

Oxidizer Fuel Total | Oxidizer Fuel Total

Add 15 inch section | 38.8 ° 60.6 .99.4
to fuel tank (Fig. 9D) : -

Add cylindrical section . 38,8 81.4 120.2
and common bulkhead ) i

Substitute 231
elliptical ends:

excluding tops of +4.8 #2.4 +1.2

* fuel tanks .
Total Volume, £t 43.6  63.0 106.6| 41.2 83.8 125.0
Increase Over Present ‘ | | V
Systems* _
0> e8 202 29 | 2.4 a5 47.8
Percent 13 62 3 | 6 116 61

*Present tank volumes: Oxidizer, 38.8 cu £t (2 Tanka;
Fuel, 38.8 cu ft (2 Tanks

D-18
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Tank Volume Limits

Maximum attainable total and individual tank volumes resulting from
the study for the Service Module propulsion system, SPS,.the LEM
Descent -propulsion system, DPS, and the LEM Ascent propulsion system
APS, are presented in Table 5D . The individual tanks are designated
as oxidizer or fuel tanks, but the designations are interchangeable.

D-19
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TABLE 5D

" APOLLO SPACECRAFT PROPULSION SYSTEMS TANK VOLUME LIMITS

| Propulsion System L P8 DPS APS
Oxidizer tank ..
Capacity, cu ft ) A
Present . - | o382 .| 109 ‘ 39
Attainable 422 - 170 ghi
Fuel Tank
Capacity, cu £t
Present o 282 109 . 39
Maximum . : _ '
‘Attainable 29l - 20l . 8k
Total Tank
Capacity, cu ft
Present - B 218 78
Attainable » 716 37h 125
Increase, perdent | 13 72 61
D-20
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APPENDIX E

PROPELLANT THERMAL STORAGE IN SPACE

The Apollo mission covers an extended period of time in which the vehicle

is exposed to the space enviromnment of the earth-moon system. Therefore,
thermal storage is one of the criteria affecting selection of propellant
Lomblnatﬂons for application in an advanced Apollo. :

During the several days of the mission, propellants for the tqree propulsion
systems must be thermally protected to prevent: (1) an excessive rise in
tank pressure; (2) a propellant from freezing; (3) a large loss in prop-
ellant from boil-off. Attitude control of the vehicle can provide some
orotection during the mission. Insulation of propellant tanks provides the
additional protection to prevent a propellant from undergoing a bulk
teiperature change greater than a predetermined allowable range. Protect-
ion by attitude control is an invariant between propellant combinations.
Therefore, only insulation-weight variations between propellant combinations -
is investigated. This weight is used as a rating factor of the propellant
combinations. It is merely indicative of the relative degree of difficulty -
in thermal storage between various propellant combinations. '

GECMETRICAL CONSIDERATION

" In space, heat is transferred to or from a propellant tank by both conductlve

and radiative paths. Conductive flow paths exist in the supports to the
tank and the propellant feed lines. Along these paths, heat flows between:
oxidizer and fuel (unless a common liquidus storage temperature exists)
internal heat sources such as electronic equipment and the propellants

and the vehicle skin and the propellant.

An examination of the preliminary designs of the Apollo spacecraft indicates that
the tanks are not an integral part of the vehicle shell. Therefore,

radiation from external heat sources,e.g., emission of the sun, and albedo

of the earth and moon, impinges upon the vehicle skin instead of the tank

wall. Tanks are heated by irradiation of the vehicle skin and any internal

heat sources which are not isolated by shadow shielding.

E-1
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Each propellant combination under consideration for the advanced Apollo
vehicle has its individual volume requirements. Some of the combinations
are dense enough to be loaded into the Apollo tanks. Others require
varying degrees of tank enlargement. An exact study of the thermal
storage problem would require tank sizes and specific vehicle designs
for each propellant combination, From these designs, conductive and
radiative paths could be determined and the required insulation weight
calculated. Such a detailed investigation would require more effort than
that available for obtalnlng a thermal storage rating of the propellant
»comblnatlons.

To brlng the problem within a reasonable boundary, all radiative heat
sources or sinks are assured to combine to give a reference equilibrium
temperature at the outer boundary of the insulation. The propellant

does not change the reference temperature by heat transfer. In other.
words, the reference temperature is unaffected by any change in the
temperature of the propellant. Heat transfer bvetween propellants and the .
outside surface of the insulation is analyzed. :

A comparison between propellant combinations rather than an absolute value , :

of insulation weight is the desired goal of this investigation. For this. ‘
' objective, the exact configuration of the Apollo tanks is not required.

Instead, any convenient tank configuration can be used if consistency

is maintained between propellant combinations. Spherical tanks are used -

in this analysis.

Many schemes of insulating spherical tanks could be devised. But, since
this is a comparative analysis of various propellant combinations, select-
ion of a best scheme to minimize the insulation weight is not required. A
relative comparison of propellants based on a particular insulative
'scheme should agree with a similar comparison using some other technique
of insulating. & layer of insulation is wrapped around the spherical
tanks for this analysis.

HEAT TRANSFER

The assumption of a reference equilibrium temperature at the outer surface
of the insulation and for the surrounding environment reduces the heat
transfer to a conductive moede. Three conductive paths to the bulk of the
propellant:

(1) Through supporting structure between tanks,
(2; Through supporting structure between tank and vehicle,
(3) Through the insulation,

are illustrated schematically in the following figure. R ‘

| B2 |
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'The total heat transferred to the propellant is:

Qo = Q_Aé; s( f- o) 4+ oAérks(TR'To) + (Ao'oAc oAc)‘Tki(TR'To) (1)
X : R '
s
°T ‘ i‘xs g
o4 7k (T -T R (T.-T.) o, A >k |
Q=fe’s078) + ro MY (8g=pho ") Tp=Te)
s Rx e (2)
oo Fe &

It is difficult at present to ascertain what the reference temperature will
be., In fact, the propellant temperature near the tark insulation will in
all probability vary over a wide range between the time the vehicle is on
the launch pad and the time for the final propulsion maneuver. This
uncertainty leads to selection of a temperature band (-65F to + 160F) to
include possible temperatures at the outer skin of the insulation. By
definition, the reference temperature can be any value within the band.

The effect of this heat input on the propellant depends upon the storage
system. For vented tanks, the heat input can raise the bulk temperature
and vaporize propellant e )

Q, = wo(cs)o (toA-To) + P W (AR)) | (3)

E-J
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Q = W e, (k) ¢+ P (An), (1)

F

Cryogenics are generally tanked at their normal boiling temperature. With
a venting system valve operating at a pressure equsl to one atmosphere, all
of the heat input to the cryogenic goes to vaporize part of the propellant.
The first term of the equation is zero since there is no bulk temperature
change. The second terms equated to equations 1 and 2 describe the thermal
storage of a vented system. . ' :

NONVENTED TANKS

The present Apollo tanks are noﬁvented and are designed.for noncryogenic
propellants. Nonvented tanks are assumed for the advanced Apollo. The
heat transfer lowers or raises the bulk temperature of the propellant.

Qo = W, (Cg), (6,-To) | . o ®

Qf.=-wf_(cs)f‘(tf-rf) S (6)

Propellant is tanked at the lower of the two temperatures: + 68F or the
normal boiling temversture. Heat transfer is reduced by insulation to .
prevent the propellant from reaching either of two bulk temperature limits:
(1) a bulk temperature corresponding to a vapor pressure of 50 psiaz (2)

a bulk temperature corresponding to the normal freezing point.

The storage factor is computed using the larger of the two tempersture
differences between the propellant tankage temperature and the extremes

of the reference temperature band. This is perhaps a pessimistic approach;
however, it is consistant withthe other gssumptions in this comparison
analysis of the storage requirements.

STEADY STATE

Combining the steady-state equations 1, 2,15, and 6 gives an approximstion
to the effect of heat transfer between the propellant and the outer skin
of the insulation. The specific heat capacity (cp) is a function of the

“HORHBREAL
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propellant temperature which in turn is a function of the time variable.
Thus, a precise description requires evaluation of a definite Jntegral
between two time limits,

Such an-evaluation would be impossible in this propellant'comparison.'
As an alternatlve, the differential equations are solved as an approximation.

The areas of supports to the tank (oAc, oAc) are very small with respect
to the total tank surface area (Ao), therefore the difference between
these areas is approximsted by the total area. Equating 1 to 5 and 2 to
6, then combining terms gives: ‘ .

- | [t ok RN /R ok
W (Cs) (+ -T ) = 7T ote ks(Tf~To) + Ao 1|{ ofe\( 1) 8\ +1
¢ %o 0o N E Ry R B\
s A X 0

(o] oI [o -
)b o W
r © . ) '
” o 1 - VA AN
e, g = | e |t fB ()
| 2R | A TA
(T-1)¢ o ' | B C

QUANTITATIVE COMPARISON

It is of interest to-examine the bracketed portion of the second term of
each equation., The three parenthetical factors of this term have typical
values: :

R, .
o'c ~ 101

E-5
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The product of these three factors ( = 10’3) is small in'cohparison
to unity, and therefore can be neglected in order to simplify the
‘equations.

Two terms remain on the right-hand side of the equations. These two _ | .
‘terms can be factored and with logic as above, one term is deleted -
because it is small compared to unity. The equations are reduced to:

Wye ) (61 ) =7<OI> -1 O ’
' o - _ - : i

.-xI
W@ ), (4, - 1) T(A_iﬁ) (1, - 1,) | | (o)

£fI

The difference in storage requirement of various propellants is essentially
described by these two equations which is the goal of the analysis. Since
a relative comparison of the insulation weight rather than absolute values
is the objective, the time factor ( 7° ) of the mission is omitted and the
equations restated to express the insulation thickness as a proportionality:

R A To T ' o
J& Y4 _0 ° ( R - 0) (11)
° (Cglg (3 - T )

By o« 2 . (BR-Tp ‘ B (12)
£1 T = :
E-6
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The propellant properties enter into thése equations. These contributions

~are listed in Table 1E . As previously stated, the propellant tanks are

assumed to be spherical in shape. The insulation material has the same
physical shape. The equation for the weight of the insulation is the
product of the thickness (Eq. 11 or 12), the surfzce area of the spherical
tank, and the density of the insulation material. By insulating all
propellant tanks with the same material, the density term can be omitted

_since it is a constant multiplier for all propellant combinations. The

surface-area term cannot be dropped because the tank volume varies with
the propellant combination., Thus, the weight equation of the insulation .

"can be written:

M x Ao . ("r - To) - 0 3)
Wy ©J_T5,T) . |
, ' g 2 f ' . :
Moo L. (T oy
W ), G, - T.) | _
spheri tank can be expresssd in terms of a propellant

- .on er
weights can be defined as functions of the weight mixture ratio, the
specific impulse of the propellant combination, the ideal velocity

increment, and the initial gross weight of the vehicle. Substituting the

new parameters for the surface area and propellant weights in equations
13 and 1k, dropping all constnat terms, .and omitting the gross weight
of the vehicle as invariant with propellant combinations, the insulation
weight can now be expressed: : ’ ‘

w N 2/3
°I K| 33 (TR-Td) » :
1% ©) (& -T) (15)
o
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TABLE 1B

PHYSICAL PROPERTY CONTRIBUTION TO THERMAL STOQRAGE

e R |

Brig | -e | -6 .75

C1F4 ' +160 +112 5.904

ClF5 _ +160 + 58 | - 9.66

C103F +160 + 2 - 17.3

FLOX (30-70) +160 -27h» 15.8 _ ‘l

FLOX (90-10) +160 " =279 47.0

FNO, +160 - 38 - 12.6

F, ' +160 -280 - 47.3

mo; | -e6s -h3 | 2.8

Hy0, (98) - 65 28 15.3

IRFNA - 65 - 57 l.58

MDFNA | -65 | -3 3.01

MON (75-25) | +160 | + 67 - 7.75

MON (85-15) +160 4105 . 5.0l

MOXIE 2 ' +160 - h2 11.6

NF +160 -173 | 56.7

Nzgh +160 - L7 9.28 .
E-8
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TABLE IE (CONT'D)

Oxidizer T, t (zR - _T:)
: 80 o-To
N20h - 65 + 12 6.Lh
OF,, +160 -197 “L3.k
()'NF3 +160 - 75 1.2
o, +160 =273 L5.2
< 03 - 4160 -133 2.9
o RFNA - - 65 - 56 2.56
’ B,H, +160 -9 10.0
3 BSH9 - 65 - 53 1.93.
CHh +140 =225 147
CzHSOH - 65 | - 65 1.7h
C2H6 +160 - 78 9.76
C3H,NO, - 65 - 65 2.41
C10ty0 - 65 - 65 2.15
H, +160 L1l 30.8
Hybaline A-5 - 65 - 58 1.70
| Hydrazoid-P - 65 - 65 1.57
JPX - 65 - 65 1.68
Hydyne - 65 - 65 1.77
. ' MMH - 65 - 65 1.h6
* ) NH, +160 + 22 3.51
| E-9 _
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TABLE 1E(CONT'D) .

Oxidizer ’ : TR -t (TR - To)
' ° {C) (to-To)
8 Q
N, D B AR 5.8
N ¥, - UDMH (50-50) - =65 + 19 3.92
RP-1 : | - 65 - 55 2.11
UDMH l - 65 -65 .| 1.82
QZHSB__LOH13 » -_65 .| -65 2.00 |
E-10
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AN E S T S
Moo L (1) . R &
£ (1+MR) s'f [s) f o
where
. o v
Y = A I
Isgo

Equations 15 and 16 are the criteria for the evaluation and comparison

of vsrious propellant combinations. The calculated values are proportional
to the weight of insulating material that would be required for a mission. .
A small value of W, is indicative of an easily stored propellant. Summing

the values for the oxidizer and the fuel gives an insulation factor '
comparisons . - o

E-11
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APPEIDIX F

SOOLING JACKET

T2RUST CHAM3TR PRESSURE DRO® FACTOR

The cocling jacket pressure dron can te computed from the following
relzsticnship:s
, ’ J i
D = &
P=z PV £ 3

assuming the fricticon factor (£) 2nd the 1/d ratio constant or independent
of the coolant and eliminating these factors from the equation,

: 2
AP ot LV
Yow to develop this relstionship in terms of the incident heat flux and
liquid coolent properties ani temperature limiteotiorns, a serd-erparical
equration is ugaeg *to Azgoribe the conveptive heot trarsfer soeffiziant fﬁf
the coclant £ilm,

ahd.

Nee = PV ang Npr 4 Cp
] m T

" and rearranging:

1-23 23 VAR A
n, =@z, i Cp - p 3 2
Dl-23

VA A
(o2 T3yt

F-1
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solving for 07 ,
1/2,

/OV= B . 2 7 . IHEZh
gz, k-3 cp 73 Tp

The required coolsnt-side film ccefficient h, can be written ir terms of
‘the expected hea’u flux batween the tube well &end the coolant and the
zssocisted temoerature difference :

h = Q/A-
- T
Twc B

By marinulation of kncwn relstlorships involving the remaining parsmeters
and substituting into the developed proportiorality for the jacket oressure
drop )

' 74 1-Z, 2/
DTP X Q/A Nn» 1 23 D 2 z2

(T :-—'IE) 7z, /“_i-Zg Cp

Ir the ahove expression,¢ is an entrance correction factor and 7 is
dependent on the roughness of the tubs, therefore these factors along with
the tvbe dlameter mey be considered common for all propellant combinations
and eliminated from the egquatior. Also be assuming the Prandtl number and
viscosity are similar for the varicus fuels, these two parameters are also
excluded. In addition,the Prandtl number 2nd viscosity enter the equation
to exponents of 0,2 & 0.6 respectively (Z_ = 0,8 and Z, = 0.}) wvhich further
weakens their influence in determining rélative values for system pressure
drops. The resvlting relationship which is used int he overall comparison
becomes:

2.5
/8
AP T - TB_S Cp
s

P-2
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